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1.1  CONVENTIONAL  DRUG  DELIVERY  SYSTEMS  AND 

LIMITATIONS 


In  addition  to  the  acceptable  patient  compliance,  the  purpose  of  drug  delivery  systems 
is  to  maximize  the  therapeutic  efficacy  of  the  incorporated  drug(s)  by  the  means  of  bio¬ 
availability  enhancement  or  minimization  of  adverse  effects.  The  conventional  delivery 
systems,  for  example,  tablets,  capsules,  solutions,  etc.  are  yet  successful  for  feeble  thera¬ 
peutic  agents,  where  slight  fluctuations  in  plasma  profile  do  not  affect  the  therapeutic 
efficacy. 

But  in  the  case  of  potent  substances,  the  role  of  delivery  systems  extend  from  just  the 
release  of  the  drug  at  the  site  of  absorption  to  the  management  of  the  drug  release  to 
maintain  the  plasma  profile  within  the  therapeutic  window  for  the  duration  of  therapy 
(Kreuter,  2014).  A  similar  role  of  drug  delivery  systems  is  also  desired  in  case  of  critical 
pathological  conditions,  for  example,  cancer,  central  nervous  system  (CNS)  related  dis¬ 
eases,  and  bacterial  infections  where  the  excess  release  of  potent  therapeutic  agents  may 
cause  prominent  adverse  effects  (Singh  et  al.,  2017). 

For  the  achievement  of  therapeutic  goals  with  any  drug  therapy,  the  delivery  system  or 
dosage  regimen  must  be  capable  to  attain  the  therapeutic  plasma  levels  immediately  and 
further  maintenance  of  these  levels  for  the  duration  of  therapy.  To  accomplish  these  tar¬ 
gets,  conventional  delivery  systems  were  designed  by  incorporating  the  suitable  dose  of 
the  active  drug(s)  for  administration  at  a  particular  frequency  according  to  the  pharmaco¬ 
kinetic  properties  of  the  incorporated  agent(s).  When  considering  the  convenient  dosing 
frequency  for  optimum  therapeutic  efficacy  one  has  to  take  insightful  account  of  biological 
half-life  and  therapeutic  index  of  the  compound  under  consideration  (Mitragotri  et  al., 
2014).  In  case  of  conventional  delivery  systems,  dosing  frequency  is  generally  significantly 
shorter  than  the  biological  half-life  of  the  incorporated  drug(s),  which  poses  several  limita¬ 
tions  in  terms  of  the  following: 

•  Poor  patient  compliance  as  the  complete  dosage  regimen  needs  more  than  twice  or 
thrice  a  day  administration,  which  multiplies  the  chances  of  missing  a  dose,  especially 
in  the  case  of  geriatric  and  pediatric  patients. 
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•  Due  to  the  frequent  dosing  with  fluctuating  drug  concentration-time  intervals  between 
the  doses,  the  plasma  drug  concentration  profile  encompasses  a  combination  of 
alternate  peaks  and  valleys,  which  poses  a  prominent  hindrance  for  the  attainment  of 
the  desired  steady-state  profile. 

•  Due  to  the  immeasurable  fluctuations  in  plasma  drug  concentration  profile,  there  may 
be  chances  of  under  or  overmedication,  that  is,  at  certain  points  during  the  therapy  the 
plasma  drug  concentration  may  fall  below  the  minimum  effective  concentration  or  may 
rise  above  the  maximum  safe  concentration  (Tiwari  et  al.,  2012). 

A  diagrammatic  view  of  the  limitations  of  conventional  delivery  is  also  shown  in  Fig.  1.1. 
The  above  consequences  related  to  plasma  drug  concentration  fluctuation  seek  more 
emphasis  in  case  of  drugs  with  narrow  therapeutic  window;  otherwise  they  may  lead  to 
the  eruption  of  dose  associated  adverse  effects  (Naahidi  et  al.,  2013).  Within  the  view  of 
patient-convenient  drug  delivery  systems,  the  developers  are  focused  on  the  overhauling 
of  limitations  associated  with  conventional  drug  delivery  systems.  Consequently,  much 
effort  is  directed  for  the  development  of  modified  release  drug  delivery  systems,  which 
will  be  able  to  provide  reproducible  and  effective  drug  plasma  concentrations  in  vivo  for 
the  complete  duration  of  treatment  (Allen  and  Ansel,  2013). 

There  are  two  ways  to  overcome  such  a  situation,  which  are: 

•  development  of  new,  better,  and  safer  drugs  with  a  long  half-life  and  large  therapeutic 
indices; 

•  effective  and  safer  use  of  existing  drugs  through  concepts  and  techniques  of  sustained/ 
controlled  and  targeted  drug  delivery  systems. 

Oral  controlled /sustained  release  dosage  forms  have  been  developed  over  the  past 
three  decades  due  to  their  advantages.  The  design  of  oral  controlled /sustained  release 


SJ  ~  A 
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FIGURE  1 . 1  Limitations  of  conventional  drug  delivery  systems. 
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drug  delivery  systems  should  primarily  be  aimed  at  achieving  more  predictable  and 
increased  bioavailability  of  drugs  (Li  et  al.,  2013). 


1.2  CONTROLLED  RELEASE  DRUG  DELIVERY  SYSTEM 

Before  starting  a  discussion  of  controlled  drug  delivery,  it  is  required  to  give  a  short 
explanation  of  the  term  controlled  release  drug  delivery  system  (CRDDS),  which  denotes  a 
system  that  provides  a  control  on  drug  release  in  the  body.  This  system  promises  to  con¬ 
trol  drug  concentration  to  the  target  area  and  maintains  the  drug  level  within  the  body 

(Siepmann  and  Siepmann,  2012). 


1.2.1  Historical  Perspective 

In  1952,  a  controlled  release  formulation  for  12-h  delivery  of  dextroamphetamine  was 
launched  by  Smith  Kline  and  French.  Since  then,  the  concepts  of  controlled  drug  delivery 
were  cleared  by  the  1970s,  such  as  different  types  of  drug  release  mechanisms  via  dissolu¬ 
tion,  diffusion,  osmosis,  and  ion  exchange  based  mechanism.  The  new  drug  delivery  tech¬ 
nologies  were  introduced  during  the  first  generation  from  1950  to  1980,  when  types  of 
twice-a-day  and  once-a-day  oral  delivery  system  were  originated.  These  release  mechan¬ 
isms  were  also  utilized  to  prepare  transdermal  patches  for  a  day  and  a  week  delivery 
(Janapareddi  et  al.,  2016). 

With  the  launching  of  the  Journal  of  Controlled  Release  (JCR)  at  the  beginning  of  the  sec¬ 
ond  generation  (1980—2010),  a  transformation  took  place  in  controlled  drug  delivery  tech¬ 
nology.  The  research  at  this  point  was  totally  dedicated  to  development  of  zero  order 
release  systems  with  the  thinking  that  systems  with  zero  order  release  are  superior  and 
help  in  maintaining  a  steady  concentration  of  drugs  in  the  blood. 

After  years  of  research,  it  was  concluded  that  the  zero  order  release  does  not  guarantee 
constant  drug  concentration  in  the  blood,  in  an  oral  delivery  system.  The  reason  behind 
this  is  the  decreasing  drug  absorption  from  the  formulation  as  it  moves  through  the  small 
intestine  to  the  large  intestine  decreasing  the  concentration  after  reaching  a  peak  (Park, 
2014).  Secondly,  most  of  the  drugs  do  not  require  constant  drug  concentration  to  be  main¬ 
tained  because  the  efficacy  of  the  drug  is  the  same  when  the  concentration  of  the  drug  is 
above  the  minimum  effective  level  and  below  the  maximum  safe  concentration;  for  exam¬ 
ple,  nitroglycerine  and  insulin.  It  took  several  years  to  know  the  intuitive  fact  that  allowed 
the  flexibility  for  designing  of  future  drug  delivery  systems  (Janapareddi  et  al.,  2016). 

With  the  beginning  of  the  second  generation,  different  types  of  drug  delivery  technolo¬ 
gies  were  developed,  and  the  so-called  smart  polymers  were  introduced,  which  made 
delivery  technology  easy  through  environmental  changes  like  temperature,  pH,  and  glu¬ 
cose  level.  Within  the  last  years  of  the  second  generation,  nanotechnology  delivery  systems 
took  a  place  in  the  category  of  CRDDS. 

The  third  generation  (2010  onwards)  for  drug  delivery  promised  to  overcome  the  barriers 
like  formulation  and  biological  barriers  (Hillery  and  Park,  2016).  The  third  generation  has  to 
deal  with  the  hurdles  in  developing  current  drug  delivery  systems,  listed  in  Table  1.1. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


1.2  CONTROLLED  RELEASE  DRUG  DELIVERY  SYSTEM 
TABLE  1.1  Hurdles  to  Overcome  by  Third  Generation  Technology 


Delivery  Technology 


Formulation  Hurdle 


Biological  Hurdle 


Targeted  drug  delivery  with 
nanoparticles 


Poorly  water-soluble  drug  delivery 
Self-controlled  drug  delivery 


Control  of  particle  size 
Control  of  shape  and  surface 
chemistry 

Modification  of  surface  with  ligands 
Polymers  to  increase  the  solubility 
Proper  drug  kinetics 


Crossing  biological  barriers 
Crossing  blood— brain 
barrier 

Crossing  mucosa  barrier 
Nontoxicity  to  the  body 
Functional  within  the  body 


FIGURE  1.2  Drug  concentration  in  plasma  level 
and  controlled  release  formulation. 


1*2*2  Concept  and  Understanding 

The  conventional  dosage  forms,  for  example,  tablets  and  capsules,  provide  only  a  single 
and  transient  bursting  of  the  drug.  The  problem  arises  when  the  results  obtained  from 
drugs  are  above  the  limit  of  the  range.  So,  one  of  the  main  reasons  for  development  of 
CRDDS  is  to  reduce  side  effects  and  improve  the  safety  of  drug  usage  (Pandey  et  al.,  2012). 

Fig.  1.2  shows  the  comparative  drug  concentration  in  conventional  and  controlled 
release  dosage  forms.  The  oral  route  for  drug  administration  is  always  the  preferred  route 
due  to  easy  drug  administration  and  patient  convenience.  Various  advancements  have 
been  made  for  modification  of  oral  delivery  systems.  The  modified  drug  delivery  technol¬ 
ogy  acts  as  a  tool  in  optimizing  the  bioavailability  and  shows  the  drug  profile  in  blood; 
the  modified  delivery  systems  are  the  formulation  wherein  the  release  rate  of  the  drug 
candidate  is  different  from  conventional  dosage  forms  given  by  the  same  route  of  adminis¬ 
tration.  The  required  modification  can  be  achieved  through  special  design  or  preparation 
method  (Wang  et  al.,  2016).  The  modified  release  system  can  be  divided  into  four  types: 

•  delayed  release 

•  sustained  release 

•  controlled  release 

•  extended-release 
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Drug  Loading 
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•  •  • 
••• 


Controlled 

Release 


•  m 


FIGURE  1 .3  Mechanism  of  CRDDS. 

•  site-specific  targeting 

•  receptor  targeting 

The  delayed  release  system  uses  repetitive  and  intermittent  dosing  of  the  drug  from 
one  or  more  immediate  release  dosage  forms  to  make  it  a  single  dosage  form.  An  example 
of  dosage  form  that  shows  delayed  release  is  the  enteric  coated  tablet,  where  release  is 
controlled  by  a  barrier  coating  (Huang  et  al.,  2015). 

Similarly,  the  extended  release  types  of  the  pharmaceutical  system  show  a  slower  type 
of  release  than  the  normal  pattern  (Abe  et  al.,  2015),  at  a  predetermined  rate  and  reduced 
dosing  frequency.  In  the  same  way,  the  site-specific  delivery  system  shows  the  targeting  of 
the  drug  to  the  biological  site  in  the  diseased  tissue  corresponding  to  the  receptor  target¬ 
ing,  which  refers  to  targeting  of  a  drug  to  a  particular  biological  location.  This  system 
satisfies  the  spatial  aspect  of  the  delivery  of  the  drug  and  is  among  the  controlled  drug 
delivery  systems  (Shaikh  et  al.,  2015).  Fig.  1.3  shows  the  mechanism  of  the  release  rate  of 
the  drug  from  a  controlled  release  dosage  form. 

1*2*3  Advantages  of  CRDDS  Over  Conventional  Delivery  Systems 

With  the  ease  of  powering  on  the  release  of  the  drug,  the  CRDDS  focuses  on  control 
with  the  variable  or  constant  release  of  drugs  (Kydonieus,  2017).  These  systems  have 
gained  attention  due  to  the  advantages  (given  in  Fig.  1.4)  they  offer  as  compared  with  the 
conventional  delivery  system. 

•  Controlled  drug  delivery  system  propounds  abundant  advantages,  like  enhanced 
efficiency,  favorable  reach  in  plasma  levels,  breached  side  effects  and  adverse  reactions, 
good  patient  consent,  and  alleviation  of  other  side  effects. 

•  The  system  imparts  long-term  action  and  with  the  controlled  release,  the  therapeutic 
responses  are  improved,  which  ultimately  leads  to  greater  drug  potential  and  better 
cost-effectiveness . 

•  The  CRDDS  also  interprets  the  movement  of  drugs  across  biological  membranes  and 
ensures  a  better  understanding  of  drug  transport  methods. 

•  Controlled  drug  delivery  uses  carriers  for  delivering  drugs  to  specific  target  sites. 

•  More  uniformity  in  effect. 

1*2*4  Compounds  That  Are  Unsuitable  for  CRDDS 

Some  properties  of  drug  candidates  make  it  a  poor  choice  for  consideration  in  designing 
of  the  controlled  release  system.  For  example,  drugs  having  an  elimination  half-life  less 
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than  just  2  h  or  those  that  have  large  doses  to  administer  within  the  body  and  drug  candi¬ 
dates  with  half-life  more  than  8  h  do  not  require  controlled  release.  Properties  of  a  drug 
that  make  it  unsuitable  for  designing  CRDDS  (Parikh,  2016)  include: 

•  short  and  long  half-life  of  a  drug 

•  hepatic  first  pass  metabolism 

•  low  solubility 

•  large  number  of  doses 


1.3  DESIGN  OF  CRDDS:  UNDERSTANDING  OF  FACTORS 

The  main  prerequisite  to  delivering  a  drug  at  a  particular  site  is  a  carrier  delivery  sys¬ 
tem.  The  reaching  of  the  drug  to  a  particular  site  of  action  can  be  done  by  using  different 
dosage  forms  like  tablets,  capsules,  liquids,  injections,  ointments,  creams,  and  supposito¬ 
ries.  Also,  these  traditional  drug  delivery  systems  ensure  genuine  drug  release  with  time, 
but  to  attain  and  sustain  effective  therapeutic  results  a  particular  number  of  doses  are 
required,  leading  to  swings  in  plasma  concentration  level  (Kreuter,  2014). 

The  fluctuations  at  this  level  can  take  drug  action  to  either  below  effective  concentra¬ 
tions  or  can  cross  toxic  level  concentration,  which  can  ultimately  cause  undesirable  side 
effects  to  patients.  The  designing  of  CRDDS  can  reduce  the  undesirable  side  effects  simply 
because  they  deliver  the  drug  at  a  predetermined  rate  (Mekaru  et  al.,  2015). 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


8 


1.  SCIENTIFIC  RATIONALE  FOR  DESIGNING  CONTROLLED  DRUG  DELIVERY  SYSTEMS 


1.3*1  Physicochemical  Properties  of  Drug  and  Design  Considerations 

Different  physicochemical  properties  of  drug-like  solubility,  partition  coefficient,  and  its 
stability  tend  to  affect  the  therapeutic  responsiveness  of  a  drug.  The  dissolution  of  the 
drug  in  body  fluids  is  the  first  step  required  in  the  drug  delivery  process;  the  drug  mole¬ 
cules  with  low  solubility  in  aqueous  medium  additionally  manifest  poor  bioavailability. 
Hence,  a  drug  should  be  extensively  dissolved  at  a  rapid  dissolution  rate  to  achieve 
utmost  convenience  in  therapeutic  response  (Tilak  et  al.,  2015). 

Another  property  of  the  drug,  the  partition  coefficient,  explains  the  distribution  of  the 
drug  in  two  phases,  between  the  lipid  phase  and  water  phase.  This  property  demonstrates 
permeation  of  drugs  through  biological  members  and  its  interaction  with  receptors.  The 
higher  value  of  partition  coefficient  enables  a  drug  to  penetrate  easily  through  membranes 
but  does  not  enable  it  to  process  further  because  of  a  lack  of  affinity  with  aqueous  sur¬ 
roundings.  The  drug  candidates  with  low  partition  coefficient  value  show  a  greater  affinity 
towards  the  aqueous  surroundings  of  the  body  but  cannot  reach  the  biological  membrane. 
So  to  achieve  a  proper  distribution  of  drug  among  biological  membrane  an  optimum  range 
of  partition  coefficient  value  is  required  (Mandhar  and  Joshi,  2015). 

After  administration  of  the  drug  into  the  body,  the  body  fluids  come  in  contact  with  the 
drug  and  affect  its  stability.  During  this  event,  the  drug  is  likely  to  face  the  chemical  and 
enzyme  degradation,  which  can  cause  a  reduction  in  performance  of  the  drug  within  the 
body.  The  drugs  that  show  poor  stability  in  acidic  pH  can  be  coated  with  enteric  polymer 
materials  to  bypass  the  acidic  pH  effect  in  the  stomach  and  can  release  the  drug  in  the 
lower  gastrointestinal  tract  (GIT).  The  drugs  can  also  be  modified  chemically  to  form  pro¬ 
drugs,  to  be  protected  from  enzymatic  cleavage  reactions. 

Along  with  the  different  parameters  discussed  above,  the  molecular  interactions  among 
drugs,  drugs  and  metals,  and  drugs  and  proteins  show  important  factors  that  can  bring  a 
change  in  the  pharmaceutical  performance  of  a  drug  candidate.  These  factors  should  be 
considered  in  the  designing  of  CRDDS  (Silverman  and  Holladay,  2014). 


1*3.2  Pharmacokinetic/Dynamic  Considerations 

The  obvious  advantages  of  conventional  dosage  forms  enable  them  to  achieve  absorption 
immediately.  The  objective  of  drug  therapy  is  to  maximize  the  desired  pharmacological 
response  while  minimizing  drug  toxicity.  The  goal  of  controlled  release  formulations  is  to 
minimize  the  ratio  of  maximum  to  minimum  plasma  drug  concentrations  (  Cmax/Cmin)  at 
steady-state;  this  depends  on  the  dosing  interval  and  the  terminal  half-life  (t1/2)  of  the  drug. 
However,  this  is  true  for  drugs  that  decline  monoexponentially  in  plasma  or  for  drugs  that 
do  not  distribute  extensively  in  tissues.  For  drugs  with  a  distinct  distribution  phase  (drugs 
that  distribute  extensively  in  tissues),  plasma  concentrations  during  the  terminal  phase  would 
be  very  much  lower  than  those  during  the  early  distribution  phase.  (Schaller  et  al.,  2016). 

Practically,  if  one  is  able  to  regulate  the  consideration  that  rules  the  releasing  of  the 
drug  in  the  plasma  concentration  or  is  successful  in  achieving  the  drug  effect  precisely, 
then  the  therapies  providing  maximum  effectiveness  or  drug  delivery  can  be  achieved/ 
designed  with  minimized  adverse  effects  (Durisova,  2016).  In  view  of  a  pharmacokinetic 
position,  basically,  the  approaches  that  help  in  attaining  the  desired  response  therapeuti¬ 
cally  are  the  selection  of  drug  candidates  with  long  biological  half-lives  so  that  frequent 
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administration  is  not  necessary.  Another  important  approach  is  modifying  the  drug  in  a 
manner  so  as  to  reduce  fluctuations  in  drug  concentration.  This  approach  is  hypothetically 
possible  for  drugs  with  a  short  half-life  (Yamashita  and  Hashida,  2013). 

1.3.3  Polymers  for  CRDDS 

The  use  of  polymers  with  drug  molecules  offers  various  advantages  like  efficiency  in 
administering  the  drug  to  the  specific  target  at  a  proper  time  thereby  improving  the  over¬ 
all  therapeutic  response  of  a  dosage  form.  Different  types  of  polymers  along  with  their 
uses  and  properties  are  mentioned  below  (James  et  al.,  2014). 

1.3.3. 1  Synthetic  Polymers 

The  polymers,  being  an  integral  part  of  drug  delivery  technology,  play  an  important  role 
in  terms  of  giving  controlled  release  to  the  therapeutic  moieties  for  long  periods.  Different 
types  of  synthetic  polymers  are  being  investigated  for  their  performance  in  drug  delivery. 
The  synthetic  polymers  provide  various  advantages  like  the  sustained  action  of  the  drug 
with  the  steady  release  and  drug  stability  (Molyneux,  2018).  Synthetic  polymers  are  used  as 
sutures,  tissue  adherent  materials,  hemostats,  and  drug  delivery  carriers.  These  applications 
of  such  materials  require  unique  physical,  chemical,  and  biological  properties  to  produce 
proper  therapeutic  responses.  The  biodegradable  polymers  provide  advantages  like  tar¬ 
geted  drug  delivery,  controlled  release,  and  stability  of  drug  and  stable  release  with  time 
(Khanlari  and  Dube,  2013).  Types  of  synthetic  polymers  are  given  in  Table  1.2. 

1.3. 3. 2  Natural  Polymers 

The  natural  polymers  are  widely  used  in  drug  delivery  due  to  their  abundant  availabil¬ 
ity,  good  compatibility,  and  important  role  in  deciding  release  rate  of  the  dosage  form. 
These  polymers  can  be  modified  chemically  to  alter  the  release  properties.  The  various 
polymers  like  chitosan,  alginate,  and  hyaluronic  acid  are  commonly  used  in  drug  delivery 
systems  (Shit  and  Shah,  2014).  Types  of  natural  polymers  are  given  in  Table  1.3. 

TABLE  1.2  Table  Representing  the  Types  and  Properties  of  Synthetic  Polymers 


Types  Examples 


Properties 


Biodegradable 

synthetic 

polymer 


Polylactic  acid  (PLA) 


Polyglycolic  acid  (PGA) 


This  polymer  has  different  biomedical  applications  like  in 
stunts,  sutures,  and  various  drug  delivery  devices 

PGA  is  nontoxic  and  biodegradable 


Poly  (lactide-co-glycolide).  It  controls  the  degree  of  crystallinity  of  a  polymer 
PLGA 


Phosphorous 

based 

derivatives 


Polyhydroxybutyrate  (PHB) 
Polyphosphazenes 

Polyorthoesters 
Poly  (amino  acids) 


This  polymer  shows  long-term  drug  delivery 

Due  to  the  chemical  reactivity  of  phosphorus  the  manipulation 
of  biodegradation  rates  of  polymers  is  possible 

These  are  degradable  polymers  used  in  orthopedic  applications 

Low  toxicity  and  good  biodegradability 
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TABLE  1.3  Different  Types  of  Natural  Polymers  Along  With  Their  Properties 


Types  Examples  Properties 


Polysaccharides  Pectin 


Alginates 


Chitosan 


Nonstarch  polysaccharides 

Soluble  in  water,  insoluble  in  ethanol  and  other  organic  solvents 

The  high  acid  content  allows  alginic  acid  to  undergo  spontaneous  and  mild 
gelling  in  the  presence  of  divalent  cations,  such  as  calcium  ions 

Can  form  a  poly  cation— polyanion  complex  results  in  an  increment  in  the 
stability  of  microcapsules 

Cationic  amino  polysaccharide  (pKa  6.5)  copolymer  of  glucosamine  and 
N-acetylglucosamine 

Biodegradable,  biocompatible,  positively  charged  nontoxic  mucoadhesive 
biopolymer 

Contains  primary  amino  groups  in  the  main  backbone  that  make  the  surfaces 
positively  charged  in  biological  fluids 

It  confers  considerable  antibacterial  activity  against  a  broad  spectrum  of 
bacteria 


Hyaluronic  acid  Plays  an  important  role  in  the  organization  and  stabilization  of  the 
extracellular  matrix  (ECM),  cell  proliferation,  and  differentiation 

Involves  in  morphogenesis,  inflammation,  and  wound  repair 


1. 3.3.3  Smart  Polymers 

Smart  polymers  are  the  ones  that  show  a  change  with  the  change  in  environmental  fac¬ 
tors.  The  factors  can  include  pH  change,  temperature,  light,  and  pressure  difference.  The 
changes  can  be  in  the  dissolution  percentage,  solubility  profile,  and  in  the  pH  of  the  GIT. 
The  nature  of  polymers  may  vary  with  the  factors  discussed  above.  Smart  polymers,  in 
view  of  drug  delivery,  are  given  the  name  of  the  intelligent  delivery  system,  which  is  able 
to  release  a  drug  at  the  proper  site  of  action  within  proper  time.  Designing  of  CRDDS 
using  smart  polymers  leads  to  accurate  and  programmable  delivery  of  a  drug  (James 
et  al.,  2014). 

1.3.3.3.1  PH-SENSITIVE  POLYMERS 

These  types  of  polymers  have  either  an  acidic  or  basic  group  in  their  architectural  con¬ 
figuration,  which  in  response  to  an  environmental  change  accepts  or  donates  a  proton. 
The  polymers  with  an  amino  group  have  higher  solubility  in  water,  with  more  acidic  pH 
and  are  cationic  in  nature.  The  pH-sensitive  polymers  have  the  ability  to  release  the  drug 
either  in  the  intestine  or  stomach  for  therapeutic  response  generation.  On  the  other  hand, 
the  anionic  polymers  show  high  water  solubility  at  basic  pH.  These  polymers  have  the 
capability  to  stop  the  degradation  of  the  drug  in  gastric  regions  and  improve  bioavailabil¬ 
ity  for  weak  basic  drugs  (Yoshida  et  al.,  2013). 

pH-sensitive  polymers,  which  are  responsive  to  low  pH,  are  used  for  taste  masking  of 
drugs  by  suppressing  the  release  of  drug  orally  because  polymers  do  not  show  solubility 
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at  high  pH;  instead  they  are  soluble  at  low  pH,  which  either  releases  the  drug  in  the  stom¬ 
ach  or  intestine  for  absorption  (Xie  et  al.,  2017).  Example,  Eudragit  E  is  Food  and  Drug 
Administration  (FDA)  approved  polymer  with  solubility  under  pH  5.  The  microspheres 
prepared  by  Eudragit  E,  of  the  drug  donepezil,  showed  suppressed  drug  release  in  phos¬ 
phate  buffer  at  pH  7.4,  which  led  to  masking  the  bitter  taste.  Eudragit  E  is  also  recognized 
for  coating  of  tablets  for  taste  masking,  for  example,  atorvastatin. 

Other  polymers  like  Eudragit  L,  S,  and  F  are  responsive  to  intestinal  high  pH  and  can 
be  used  for  colonic  drug  delivery  and  prevent  degradation  of  the  drug  from  the  gastric 
region.  Also,  beads  of  rabepr azole  coated  with  Eudragit  L  are  known  to  suppress  the 
release  of  drug  at  low  pH  (Gao  et  al.,  2013). 

The  pH-sensitive  polymers  like  polypropylacrylic  acid  (PPAA)  and  polymethacrylic 
acid  (PE  A  A)  are  used  in  carrying  genes.  The  hemolytic  performance  of  these  polymers  is 
increased  when  pH  value  is  decreased  ranging  from  pH  value  5  to  6  and  does  not  show 
any  hemolytic  activity  if  pH  is  7.4  (Riber  et  al.,  2017). 

Another  example  of  pH-sensitive  polymer  approach  is  the  development  of  micelles 
with  the  help  of  copolymers  PEG-poly(aspartame  hydrazine  doxorubicin)  [(PEG-p(Asp- 
Hid-dox)],  which  helps  in  retaining  the  drug  and  genes  at  physiological  pH  and  the  drug 
is  released  at  pH  below  6  (Li  et  al.,  2017).  Fig.  1.5  is  related  to  the  scheme  of  synthesis  of  a 


FIGURE  1.5  Scheme  of  delivering  gene  carriers  through  pH  sensitive  approach.  Example:  DMAEMA  nano¬ 
particles  release  DNA  at  low  endosomal  pH. 
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gene  delivery  through  pH  sensitive  approach.  For  example,  the  polymer  dimethyl  ami- 
noethyl  methacrylate  (DMAEMA)  shows  DNA  release  in  the  endosomal  pH.  Table  1.4 
shows  the  types  of  pH  sensitive  polymers. 

1.3.3.3.2  TEMPERATURE  SENSITIVE  POLYMERS 

The  polymers  that  are  sensitive  to  temperature  change,  that  is,  those  whose  properties 
are  changed  due  to  temperature,  are  referred  to  as  temperature  sensitive  polymers.  There 

TABLE  1.4  Table  Represents  Different  Types  and  Properties  of  pFLSensitive  Polymers 


Types 

Examples 

Properties 

Cationic  polymers 

Aminoalkyl  methacrylate  copolymer 
(Eudragit  E) 

FDA  approved 

Responsive  to  low  pH  of  the  stomach 

High  solubility  below  pH  5 

Possess  taste  masking  property 

Polyvinyl  acetal  diethylamino  acetate 

FDA  approved 

Responsive  to  low  pH  of  the  stomach 

Insoluble  above  pH  5.8 

Polyethyleneimine  (PEI),  Poly(L- 
histidine),  Poly(amidoamine)s  and  Poly 
(propyl  acrylic  acid) 

Can  protonate  at  the  acidic  endo/ lysosomal 
compartments,  results  in  the  responsiveness 
towards  intracellular  compartments 

Poly(L-histidine) 

Possess  pH-buffering  capacity 

Anionic  polymers 

Poly(methacrylic  acid-co-methyl 
methacrylate)  Eudragit  l 

Responsive  to  intestinal  high  pH 

Carboxyl /ester  group  ratio  1:1 

Soluble  at  pH  6 

Poly(methacrylic  acid-co-methyl 
methacrylate)  Eudragit  S 

Responsive  to  intestinal  high  pH 

Carboxyl /ester  group  ratio  1:2 

Soluble  at  pH  7 

Hydroxypropylmethylcellulose 

phthalate 

Responsive  to  intestinal  high  pH 

Soluble  in  the  pH  range  5—5.5 

Hydroxypropylmethylcellulose  acetate 
succinate  (HPMC-AS) 

Responsive  to  intestinal  high  pH 

Soluble  in  the  pH  range  5.5— 6.8 

Poly(methacrylic  acid-co-methyl 
methacrylate)  Eudragit-F 

Responsive  to  high  pH  of  the  colon 

Soluble  in  pH  above  7 

Polymers 
containing 
imidazole  group 

Poly(L-histidine)  (P(His)) 

pXa  6 

Neutral  at  pH  7.4  but  cationic  in  an  acidic 
environment 

( Continued ) 
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TABLE  1 .4  (Continued) 


Types 

Examples 

Properties 

Poly  ([3-amino  ester) 

PEG-b-poly  ([3-amino  ester) 

Undergoes  micellization/ demicellization 
transition  in  a  slightly  acidic  environment 
(pH  6.4— 6.8) 

Polymers 
containing 
hydrazone  linkage 

N-( 2  hydroxypropyl)  methacrylamide 
(HPMA) 

Faster  hydrolytic  rate  at  acidic  pH  relative  to 
neutral  physiological  pH 

Polymers 
containing  acetal, 
orthoester  linkage 

Polyacetals  [PEG-b-poly(ethyl 
glyoxylate)-b-PEG,  Polyacetal-b- 
Pluronic] 

Responsive  to  intracellular  low  pH 

Produce  biocompatible  degradation  products  of 
alcohols  and  aldehydes 

Orthoesters  (PEG-b-polymethacrylate 
diblock  copolymer) 

Responsive  to  intracellular  low  pH 

Readily  hydrolyzes  in  mildly  acidic  aqueous 
environments  to  form  esters 

Cell-penetrating 

peptides 

N-terminus  of  the  hemagglutinin  HA2 

Unique  property  of  pH  dependent  structural 
transformation 

occurs  a  change  in  the  internal  adjustments  of  polymers,  the  main  properties  of  which  are 
their  low  critical  solution  temperature  (LCST),  which  can  make  them  either  insoluble  or 
soluble.  This  property  is  also  responsible  for  phase  transition  from  an  isotropic  state  to  ani¬ 
sotropic  state  (Hennink  et  al.,  2014). 

The  polymers  with  low  LCST  are  widely  used  in  drug  delivery  systems  because  they 
show  uniform  mixing  property  with  active  moieties  like  proteins  while  in  a  liquid  state 
with  a  temperature  lower  than  the  transition  temperature.  This  property  helps  in  adminis¬ 
tering  them  to  the  human  body  via  injection  to  the  damaged  area,  where  they  form  a 
gelled  deposit.  This  makes  the  system  deliver  the  drug  in  a  controlled  manner  (Yamazaki 
et  al.,  2017).  Fig.  1.6  shows  the  transition  phase.  Poly  (N-isopoprylacrilamide)  (PIAAm)  is 
a  type  of  synthetic  temperature  sensitive  polymer  that  is  mostly  used  in  drug  delivery  sys¬ 
tems  and  shows  solubility  in  water  at  room  temperature.  The  temperature  sensitive  poly¬ 
mers  can  also  make  some  hydrophobic  drugs  soluble  to  produce  a  proper  formulation 
with  low  soluble  drugs.  Table  1.5  shows  the  types  of  temperature  sensitive  polymers. 


1.3.3.3.3  ION  EXCHANGE  POLYMERS 

Ion  exchange  polymers  (Table  1.6)  are  used  for  CRDDS  and  possess  a  polystyrene  back¬ 
bone  and  side  chains  of  ion-active  precursors.  The  ion  exchange  resins  are  promising  can¬ 
didates  to  form  drug-resin  complexes  for  drug  delivery  in  the  form  of  tablets,  liquid  orals, 
and  beads.  These  complexes  release  the  drug  into  GIT  and  saliva  due  to  the  presence  of 
activating  ions  (Strathmann  et  al.,  2013). 

Also,  ion  exchange  polymers  are  known  to  have  taste  masking  properties.  Drug  loading 
in  ion  exchange  polymers  is  carried  out  with  complexation  and  due  to  electrostatic  interac¬ 
tions  between  drug  and  polymers.  The  drug  release  from  the  polymers  is  ruled  by  the 
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FIGURE  1.6  Transition  to  the  hydrogel  phase.  At  a  particular  temperature,  the  phase  transition  takes  place, 
resulting  in  an  alteration  in  polymer  change  and  promotion  in  drug  delivery. 


TABLE  1.5  Types  and  properties  of  temperature  sensitive  polymers 


Types 

Examples 

Properties 

Polymers  with  LCST 
(lower  critical  solution 

Poly(AMsopropylacrylamide) 

(PNIPAAm) 

Presents  an  LCST  at  32°  C  in  water  solution 

temperature) 

Poly (N,N' -diethyl  acrylamide) 

Exhibits  an  LCST  in  the  range  26— 35° C 

Poly(dimethylamino  ethyl 
methacrylate) 

LCST  close  to  50°  C 

Poly  (N-(l)-(I  -hydroxymethyl) 
propylmethacrylamide) 

LCST  in  the  range  of  26— 35°C 

Polymers  with 

amphiphilic 

balance 

Pluronics  or  poloxamers 

Hydrophobic  associations  of  PPO  blocks  lead  to 
the  formation  of  micelle  structures  above  critical 
micelle  temperature 

Exhibit  a  sol-gel  transition  below  or  close  to  the 
physiological  temperature,  a  gel— sol  transition 
around  50°  C 

Natural  Polymers 

Gellan,  gelatin,  amylopectin, 
amylose,  agarose 

Exhibit  temperature  sensitivity  by  different 
gelation  mechanisms  that  lead  to  the  formation 
of  helix  conformations  by  physical  crosslinks 

These  are  sol  at  high  temperatures  and  become 
a  gel  at  lower  temperatures  by  the  formation  of 
aggregation  of  double  helices  that  act  as 
crosslinking  knots 
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TABLE  1.6  Table  Representing  Types  of  Ion  Exchange  Polymers 


Types 


Examples 


Properties 


Ion  exchange  resins  (Polystyrene 
backbone  cross-linked  with 
divinylbenzene  and  side  chains 
of  ion-active  groups) 


Polymethacrylic  acid-based 
ion-exchange  resin 

A  carboxylic  acid-based 
ion-exchange  resin 


Taste  masking  property 
Sustained  drug  delivery 


Cationic  polymers 


Poly(ethyl  acrylate-methyl 
methacrylate — trimethyl 
aminoethyl  methacrylate 
chloride)  copolymers  (Eudragit 
RS  and  RL) 


Practically  insoluble  in  water  but  can  be 
hydrated  with  and  swell  in  water 

Responsive  to  the  ions  in  saliva  and 
stomach 


Poly(N-isopropyl  acrylamide) 
(PNI-PAM) 


Exhibit  lower  critical  solution  temperature 
(LCST)  transitions 


Cellulose  derivatives 


Responsive  to  the  ions  in  saliva  and 
stomach 


Poly(vinyl  ether)  Colon  delivery 

Poly  (N-vinyl  caprolactam) 


equilibrium  reaction  that  occurs  in  the  presence  of  counterions  when  they  come  into  con¬ 
tact  with  the  solution.  The  drug-polymer  complex  is  stored  in  liquid  form  and  does  not 
contain  counterions  of  resins  (Yoshida  et  al.,  2013). 

For  example,  PEAA-base  ion  exchange  polymer  was  used  for  taste  masking  of  pseudo- 
ephedrine  in  chewable  tablets  to  mask  its  bitter  taste;  due  to  low  cation  percentage  in 
saliva  than  gastric  fluids  the  drug  release  is  minimized  in  saliva  for  masking  the  taste.  The 
ion  exchange  polymers  are  known  to  have  taste  masking  properties  (Vummaneni  and 
Nagpal,  2012).  Fig.  1.7  shows  the  release  of  the  drug  through  ions. 
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Every  drug  candidate  needs  a  delivery  system  to  carry  the  drug  to  the  specific  site  of 
action.  The  delivery  of  such  drug  candidate  can  be  achieved  by  using  various  approaches  to 
achieve  and  maintain  effective  therapeutic  response  and  significant  plasma  drug  concentra¬ 
tion.  CRDDS  are  the  ideal  systems  that  are  able  to  deliver  the  accurate  amount  of  drugs 
with  a  properly  chosen  approach  for  the  treatment  of  diseases  (Li  and  Mooney,  2016). 


1.4.1  Chemical  Approach 

The  delivery  of  drugs  through  their  chemical  modification  has  been  known  for  many 
years.  This  can  be  achieved  by  designing  of  a  prodrug,  which  shows  altered  properties  but 
is  the  same  as  the  lead  precursor  in  producing  therapeutic  response.  This  design  will  help 
the  drug  in  improving  its  physiochemical  properties  as  well  as  maintaining  its  high 
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Resin  -S03-Drug  complex  while 
storage 


Resin  -SOa-Drug  complex  dissociating  in  GIT 


FIGURE  1.7  Drug  release  after  oral  administration  through  ions  in  saliva  and  GIT  fluids. 

concentration  at  the  site  of  action  (Ulbrich  et  al.,  2016).  The  prodrug  approach  is  the  main 
direction  in  the  path  of  chemical  release.  The  prodrug  approach  used  for  drug  delivery 
involves  the  chemical  modification  of  the  drug  candidate  by  the  attachment  of  spectral 
functionalized  groups,  which  will  detach  after  administration  into  the  body,  releasing  the 
active  ingredient  to  produce  a  therapeutic  response  (Balaure  et  al.,  2018). 

This  approach  is  able  to  change  the  pharmacokinetic  approach  of  drug  delivery  and 
prevents  toxicity  formulation.  Originally  the  prodrug  form  is  inactive  and  is  converted 
into  active  form  without  exit  and  unwanted  metabolism  in  the  body.  The  prodrug  espe¬ 
cially  helps  in  avoiding  unwanted  degradation,  which  takes  place  in  GIT.  Prodrugs  have 
been  proved  to  greatly  improve  the  therapeutic  index  of  drugs  (Khadka  et  al.,  2014). 

The  prodrug  approach  provides  controlled  release  by  modifying  the  properties  of  drug¬ 
like  solubility,  release  rate,  and  partitioning  behavior.  The  delivery  approach  of  a  drug 
chemically  involves  its  therapeutic  index,  which  shows  the  safety  margin  of  the  drug 
through  the  ratio  of  median  toxic  dose  and  median  effective  dose  responsible  for  therapeu¬ 
tic  effect  (Webber  and  Langer,  2017). 

Some  examples  where  this  type  of  approach  is  used  are  an  injectable  suspension  of 
insulin  and  penicillin  in  the  form  of  complexes  and  salts.  Another  example  is  a  drug  can¬ 
didate  like  theophylline  having  a  short  biological  half-life  and  low  therapeutic  range 
(10—20  pm/mL)  within  the  plasma,  designed  using  the  prodrug  approach.  The  release  of 
theophylline  from  the  prodrug  is  controlled  by  dissolution  of  the  compound.  The  slow  dis¬ 
solution  results  in  slow  release  of  the  drug  (Muralidhar  and  Bhargav,  2017). 
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1*4*2  Biological  Approach 

Another  approach  affecting  the  behavior  of  the  drug  in  systemic  circulation  is  the  biologi¬ 
cal  approach,  which  is  responsible  for  altering  the  response  of  drug  in  vivo.  The  biological 
approach  at  the  molecular  level  assists  the  drug  to  couple  with  a  carrier  conduction  effect,  the 
metabolism,  distribution,  and  release  kinetics  of  the  drug.  The  use  of  drug  carrier  technique 
needs  a  complete  understanding  of  carriers  with  the  molecular  level  and  target  organ  system. 

Different  types  of  mediums  are  used  as  drug  carriers  like  microspheres,  erythrocytes, 
immunoglobulin,  protein  composites,  and  microcapsules.  These  types  of  carriers  are 
mainly  used  for  CRDDS  so  while  the  development  of  such  microparticle  systems  is  impor¬ 
tant,  the  biological  behavior  study  is  important  as  well.  For  example,  microspheres  are 
used  as  drug  carriers  ranging  from  100  nm  to  several  microns  coated  with  polymers. 

Likewise,  liposomes  are  closed  structures  bounded  by  bilayer  membranes.  Various 
types  of  drugs  like  antibacterial  and  anticancer  drugs  can  be  incorporated  into  liposomes. 
The  liposomes  as  drug  carriers  provide  advantages  like  increased  efficacy,  improved  sta¬ 
bility,  and  improved  therapeutic  index.  The  biological  carriers  like  monoclonal  antibodies 
and  various  glycoproteins  are  known  to  provide  targeted  release  at  target  cells;  the  contri¬ 
bution  of  these  biological  carriers  is  dependent  on  an  understanding  of  molecular  biology. 

1*4*3  Pharmaceutical  Approach 

The  designing  of  CRDDS  is  a  subject  of  importance  with  special  emphasis  on  practical 
aspects  of  design  and  fabrication.  The  pharmaceutical  approaches  governing  CRDDS 
majorly  rely  on  diffusion  and  dissolution  mechanism  of  drug  release.  Different  attempts 
have  been  made  to  retard  the  release  from  such  systems  by  using  combinations  of  differ¬ 
ent  agents  (Freire  et  al.,  2017). 

Several  approaches  have  been  discovered  to  accomplish  the  target  of  controlling  the 
release  of  a  drug,  like  coating  the  drug  with  either  solid  or  liquid  or  filling  a  capsule  with 
suspension.  Also,  lamination  of  an  ingredient  and  polymeric  material  using  film  of  biode¬ 
gradable  and  nonbiodegradable  material  (Patel  et  al.,  2018).  Fig.  1.8  represents  different 
parameters  for  polymeric  design  consideration. 

The  different  pharmaceutical  variables  involved  in  designing  of  CRDDS  products  also 
include  the  physicochemical  properties  of  a  drug-like  a  solubility,  stability,  and  protein  bind¬ 
ing.  The  route  of  administration  is  another  factor  in  the  achievement  of  a  suitable  controlled 
release  mechanism.  With  all  these  variables  the  design  of  CRDDS  becomes  affordable  to  pro¬ 
duce.  For  example,  transdermal  needle  injections  are  another  type  of  device  used  for  protein 
delivery  having  painless  effects  through  the  skin  (Mahato  and  Narang,  2017). 

1*5  MEDICAL  RATIONALE  OF  CRDDS 


CDDS  have  emerged  as  an  important  tool  in  pharmaceutical  product  development 
because  it  was  recognized  that  drug  delivery  affords  many  medical  and  commercial 
advantages.  CRDDS  enabled  the  economic  manufacturing  and  reproducible  performance 
characteristics  of  drug  devices  (Kydonieus,  2017).  The  medical  rationale  behind  the  devel¬ 
opment  of  CDDS  is  important  from  various  perspectives  as  shown  in  Fig.  1.9. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 
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FIGURE  1.9  The  medical  rationale  behind  the  development  of  CRDDS. 
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1.5.1  Reduction  in  Dosing  Frequency 

The  conventional  therapy  usage  shows  a  limitation  of  frequent  dosing,  that  is,  a  chance 
of  skipping  a  dose;  this  problem  can  be  reduced  if  the  dosage  forms  are  developed  into 
CRDDS  form  thereby  releasing  the  drug  for  a  long  time  and  maintaining  the  drug  concen¬ 
tration  in  blood  (Qiu  et  al.,  2016). 

When  the  time  period  between  the  doses  is  increased,  the  number  of  doses  is 
reduced  from  3—4  times  to  1—2  times.  The  novel  systems  like  proteins  and  peptides 
can  be  delivered  into  the  body  using  a  controlled  delivery  approach.  Also,  tumor  thera¬ 
pies  can  be  improved  by  enhanced  targeting.  Finally,  the  therapeutic  efficacy  and  the 
safety  of  drugs  are  improved  by  placement  of  drugs  in  a  more  precise  manner  in  the 
body,  reducing  the  dose  as  well  as  dosage  regimen  (Tekade  et  al.,  2008;  Prajapati  et  al., 
2009;  Choudhury  et  al.,  2017b;  Dua  et  al.,  2017;  Lalu  et  al.,  2017;  Soni  et  al.,  2017; 
Coffman  et  al.,  2017). 


1.5.2  Lesser  Drug  Exposure  to  the  Biological  Environment 

The  rationale  behind  the  CRDDS  is  the  alteration  of  active  metabolites  either  pharmaco- 
kinetically  or  pharmacodynamically  by  using  new  drug  delivery  approaches.  The  design¬ 
ing  of  such  a  system  involves  a  property  of  rate  controlling  and  achieving  better  control  of 
plasma.  The  controlled  release  of  a  drug  can  be  achieved  by  either  temporal  control  or  by 
distribution  control  (Kydonieus,  2017). 

The  temporal  control  enables  the  system  to  deliver  the  drug  over  an  extended  time  for 
a  specific  period  within  the  treatment  regimen.  This  control  proves  to  be  beneficial  for  the 
drugs  with  a  fast  metabolism.  On  the  other  hand,  the  distribution  approach  is  involved  in 
the  targeted  delivery  of  the  drug  in  the  body;  various  drugs  like  steroids,  antibiotics,  and 
hormones  benefit  from  both  of  these  approaches  of  CRDDS.  The  CRDDS  systems  are 
meant  to  control  the  concentration  of  drug  on  the  cells  and  tissues  of  target  sites  (Mignani 
et  al.,  2013). 


1.5.3  Minimization  of  Plasma  Concentration  Fluctuations 

With  the  use  of  conventional  tablets  or  capsules  there  occurs  only  a  single  and  transient 
type  of  burst,  when  the  effect  of  the  drug  is  above  minimum  effective  concentration.  The 
response  is  observed  pharmacologically,  but  when  the  response  is  narrow  a  problem 
arises;  in  this  case  CRDDS  reduce  fluctuation  in  plasma  levels  by  retarding  the  rate  of 
absorption,  which  is  accompanied  by  slower  drug  release  (Tekade  and  Tekade,  2016; 
Choudhury  et  al.,  2017a,c;  Tekade  et  al.,  2017;  Patel  et  al.,  2012). 

The  modification  of  drug  formulation  should  be  achieved  in  such  a  way  that  fluctua¬ 
tions  during  the  dosing  interval  are  reduced.  This  approach  is  required  for  the  drugs  hav¬ 
ing  short  half-lives  and  low  therapeutic  indexes,  for  which  maintenance  of  therapeutic 
drug  concentrations  are  mandatory.  The  development  of  CRDDS  for  such  drugs  may 
result  in  better  patient  compliance  and  chances  of  toxicity  are  also  low  (e.g.,  procainamide 
and  quinidine)  (Ummadi  et  al.,  2013). 
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1*5*4  Better  Patient  Compliance 

The  development  of  any  dosage  form  deals  with  the  aim  of  providing  better  patient 
compatibility.  The  designing  of  a  drug  dosage  regimen  influences  the  duration  of  action  of 
the  drug,  and  other  factors  like  bioavailability,  absorption  rate,  and  elimination  rate  con¬ 
tent  affect  the  therapeutic  response  of  a  dosage  form.  The  CRDDS  are  the  ideal  drug  deliv¬ 
ery  system  to  deliver  the  drug  at  the  needed  part  of  the  body  over  a  period  a  time  and 
have  a  clear  relationship  between  the  plasma  concentration  levels  and  the  therapeutic 
response  improved  patient  compliance  thereby  (Bruschi,  2015). 

To  improve  the  bioavailability  and  therapeutic  response  of  drugs  in  the  body  the  drugs 
that  are  unstable  through  the  oral  route  are  administered  through  a  different  route,  for 
example,  nitroglycerine.  The  CRDDS  is  more  sophisticated  than  merely  delaying  the 
release  and  delivers  the  drug  with  controlled  release  rates  within  the  specific  time  period. 
This  system  maintains  the  drug  levels  within  the  required  range,  requiring  few  adminis¬ 
trations  (Sim,  2015). 


1*5*5  Lower  Adverse/Side  Effects 

In  conventional  dosage  forms,  the  dose  and  dosing  intervals  of  each  drug  are  varied. 
Each  drug  shows  a  different  therapeutic  response  in  plasma  concentrations;  the  unbal¬ 
anced  response  can  result  in  improper  therapeutic  effect  or  unwanted  side  effects. 
Generally,  with  rate-controlled  dosage  forms,  the  dosing  intervals  are  increased  and  fluc¬ 
tuations  in  plasma  levels  are  decreased  thereby  decreasing  the  risk  of  unwanted  side 
effects.  The  occurrence  of  side  effects  is  a  part  of  plasma  concentration,  which  can  be  mini¬ 
mized  by  handling  drug  concentration  in  plasma  at  a  particular  time  (Bruschi,  2015). 

For  example,  Levodopa,  when  administered  in  the  form  of  CRDDS,  reduces  the  possibil¬ 
ity  of  dyskinesis  caused  by  the  drug.  The  CRDDS  are  able  to  reduce  side  effects  occurring  in 
the  GIT  and  are  known  to  produce  effective  results.  For  example,  the  drug  candidates  like 
potassium  chloride  and  ferrous  sulfate  tend  to  cause  irritation  in  the  GIT,  but  on  slowing 
the  release  of  these  drugs  the  irritant  effect  can  be  reduced.  Overall  it  is  observed  that  the 
properties  of  drugs  are  responsible  for  any  type  of  side  effect  (Baek  et  al.,  2018). 


1*5*6  Augmented  Efficacy 

While  designing  the  ideal  drug  delivery  system  two  requisites  are  necessary  to  fulfill. 
Firstly,  the  drug  should  get  delivered  at  a  rate  that  a  body  requires  over  a  period  of  time. 
Secondly,  the  action  should  be  at  the  specific  site  at  specific  receptors.  The  CRDDS  can 
achieve  these  goals.  These  systems  are  capable  of  maintaining  the  drug  level  in  the  body 
for  the  extended  time  period  (Albeer  et  al.,  2018). 

Mostly  CRDDS  are  irresponsive  to  the  external  environment  biologically;  the  prolonged 
release  dosage  form  slows  down  the  absorption  rate  due  to  the  slow  release  rate  of  the 
drug  by  small  bursts  over  time,  which  affects  and  improves  the  overall  efficacy  of  the 
CRDDS.  When  the  time  interval  in  between  the  doses  is  increased,  there  occurs  a  reduc¬ 
tion  in  a  total  number  of  doses.  This  decrease  in  the  frequency  of  doses  improves  the 
patient  compliance.  The  reduction  in  fluctuations  of  plasma  drug  concentration  is 
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desirable  for  constant  drug  levels,  which  can  be  achieved  by  reducing  the  adverse  effect 
and  by  increasing  minimum  effective  concentrations  and  thereby  increasing  the  efficacy 
(Tekade  et  al.,  2014;  Chopdey  et  al.,  2015;  Maheshwari  et  al.,  2015;  Ghanghoria  et  al.,  2016; 
Moghanjoughi  et  al.,  2016). 


1*6  THE  BIOLOGICAL  RATIONALE  FOR  CRDDS 
1.6.1  Absorption 

For  developing  a  CRDDS  the  extent  and  rate  of  absorption  of  the  drug  are  very  important 
factors.  Drugs  with  a  very  slow  rate  of  absorption  show  poor  bioavailability,  which  in  turn 
makes  them  poor  candidates  to  be  formulated  into  CRDDS  (Choonara  et  al.,  2014).  The 
drug  candidates  with  more  rapid  absorption  than  release  promise  a  successful  controlled 
release  product  formulation.  Absorption  window  is  another  factor  that  affects  the  bioavail¬ 
ability  of  orally  administered  drugs  and  can  be  a  hindrance  to  the  development  of  CRDDS. 
This  is  because  some  drugs  have  the  property  of  absorption  in  a  specific  region  of  the  GIT, 
which  after  absorption  in  the  absorption  window  can  go  waste  (Sahoo  et  al.,  2017). 

The  release  of  the  dosage  form  is  a  rate-limiting  step  in  case  of  CRDDS  rather  than 
absorption,  so  fast  drug  absorption  is  required  from  a  dosage  form  in  terms  of  both  extent 
and  rate  of  drug  absorption  specifically  for  orally  administrated  drugs.  The  amount  of  drug 
absorbed  from  conventional  dosage  forms  can  be  low  compared  with  CRDDS  due  to  vari¬ 
ous  reasons  like  degradation  because  of  metabolism  or  physical  loss  (Saha  and  Das,  2017). 

For  example,  pilocarpine  gets  absorbed  across  the  cornea  in  about  1%  ratio  of  applied 
dose;  the  loss  occurs  due  to  drainage  and  absorption  in  nonspecific  tissue.  The  prepared 
controlled  release  product  improves  its  bioavailability  and  maintains  a  constant  level  of 
drug  in  specific  tissue  for  the  time  required  (Radhakrishnan  et  al.,  2017). 


1*6*2  Drug— Protein  Binding 

The  binding  of  the  drug  with  proteins  is  a  reversible  process.  With  the  decrease  in  the 
concentration  of  the  drug  in  the  blood  the  drug— protein  complex  dissociates  and  leaves 
free  drug  to  maintain  balance.  This  reversible  process  of  drug  binding  maintains  the  drug 
level  in  the  blood  for  a  long  time.  The  binding  of  the  drug  with  protein  can  function  as  a 
drug  store  for  generating  long-term  action  (Kriiger-Thiemer,  2017). 

For  example,  the  blood  proteins  keep  recirculating  in  the  body  and  are  not  eliminated; 
they  act  as  a  depot  for  drug  candidates  showing  controlled  release  profile.  The  literature 
showed  that  the  quaternary  ammonium  compounds  have  the  tendency  to  bind  with  mucin 
in  the  GIT,  and  the  drugs  that  get  bound  to  mucin  act  as  a  depot  and  enhance  the  absorp¬ 
tion  (Kydonieus,  2017). 


1*6*3  Distribution 

The  drug  distribution  in  the  body  describes  the  overall  elimination  criteria;  the  drugs 
having  a  volume  of  distribution  higher  than  the  real  volume  of  distribution  show  lesser 
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half-life.  In  the  designing  of  CRDDS,  volume  plays  an  important  role  as  it  affects  the 
amount  of  drug  in  systemic  circulation  or  reaching  the  target.  The  effect  cannot  be  deter¬ 
mined  easily  because  of  the  unpredictable  volume  of  distribution  (Weiser  and  Saltzman, 
2014). 

The  drug  distribution  in  the  body  is  an  important  criterion  in  determining  the  overall 
elimination  kinetics  of  the  drug.  The  distribution  comes  with  the  drug  binding  to  tissue 
and  protein  in  circulation;  generally  the  drug  in  the  bound  condition  is  termed  as  inactive 
and  is  not  able  to  cross  the  membranes.  The  high  binding  of  the  drug  shows  the  prolonged 
release  (Loftsson,  2015). 

For  designing  of  the  CRDDS,  one  needs  to  have  knowledge  of  drug  disposition  but  the 
fate  is  usually  decided  on  the  basis  of  pharmacokinetic  parameters  like  the  volume  of  dis¬ 
tribution  (Vd).  The  volume  of  distribution  affects  the  concentration  of  the  drug  in  the 
blood  also  it  has  effects  on  elimination  kinetics  of  a  drug  candidate.  The  information  on 
Vd  allows  to  act  as  a  guide  for  studies  in  drug  dosing  (Jeffrey  and  Summerfieldb,  2017). 

The  distribution  property  of  a  drug  is  described  well  by  Vd  by  either  extent  of  distribu¬ 
tion  in  the  body  or  by  relative  distribution  of  the  drug  in  compartments.  These  two  para¬ 
meters  are  independent  of  each  other,  for  example,  the  relative  distribution  of 
procainamide  is  almost  10  times  that  of  pentobarbital  though  the  volume  of  distribution 
for  both  the  drugs  is  the  same.  Similarly,  the  relative  distribution  for  procainamide  is 
much  larger  than  digoxin  and  the  volume  of  distribution  at  steady  state  is  lower  than  that 
of  digoxin  (El-Kattan,  2017). 


1*6*4  Elimination 

Every  biological  response  parameter  is  useful  in  the  design  of  controlled  release  pro¬ 
ducts,  outside  of  which  it  is  difficult  to  design  a  system.  The  elimination  of  most  of  the 
drugs  occurs  within  20  h  of  administration.  The  zero  order  rate  of  release  is  directly  pro¬ 
portional  to  the  rate  of  elimination  and  is  given  by  the  biological  half-lives;  the  drug  candi¬ 
date  with  short  half-life  requires  frequent  dosing  making  it  desirable  to  be  prepared  into 
CRDDS  and  the  case  is  opposite  with  drugs  having  a  long  half-life.  The  drugs  with  a  half- 
life  less  than  2  h  and  more  than  8  h  are  not  suitable  for  developing  into  a  CRDDS.  For 
example  drugs  with  a  half-life,  less  than  2  h  include  ampicillin  and  penicillin  whereas 
drugs  with  half-life  more  than  8  h  include  digitoxin  and  digoxin  (Nicholls  and  Youdim, 
2016). 


1*6*5  Dose-Dependent  Bioavailability 

Another  factor  influencing  the  design  of  CRDDS  is  the  effect  of  dose.  A  drug  candidate 
like  propoxyphene  whose  bioavailability  is  dose  dependent  restricts  its  use  in  CRDDS, 
because  of  the  rate  at  which  CRDDS  should  be  able  to  achieve  reproducible  bioavailability. 
Bioavailability  is  another  important  criterion  in  consideration  for  the  formulation  of 
CRDDS.  It  is  desired  that  the  CRDDS  formulation  should  be  able  to  show  around  80%  of 
bioavailability  than  that  of  the  conventional  dosage  form  (Chiang  et  al.,  2016). 
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1.6.6  Duration  of  Drug  Residence  Within  the  Therapeutic  Window 

The  duration  of  drug  residence  and  the  half-life  of  the  drug  play  an  important  role  in 
the  designing  of  CRDDS.  Most  of  the  drugs  available  in  the  market  show  half-life  of 
around  1  —20  h.  The  drugs  having  short  half-life  require  frequent  dosing  to  maintain  drug 
plasma  concentrations.  So,  for  such  drugs,  CRDDS  are  desirable  (Saha  and  Das,  2017). 

The  pharmacokinetics  of  a  drug  in  a  steady  state  concentration  implies  that  the  release 
rate  of  the  drug  is  directly  proportional  to  its  elimination.  The  drugs  showing  linear  kinet¬ 
ics  have  a  constant  half-life  and  do  not  follow  a  change.  Mostly  the  factors  that  influence 
the  half-life  of  drugs  are  metabolism,  distribution,  and  elimination  (Satoskar  et  al.,  2015). 
The  limit  of  half-life  for  CRDDS  is  not  defined  yet  and  the  exact  value  of  half-life  for  a 
good  controlled  release  product  is  not  known.  The  drug  candidate  with  this  half-life  value 
has  a  ratio  value  of  sustaining  dose  to  immediate  dose  of  around  2,  if  it  shows  release  up 
to  12  h.  In  this  case,  the  controlled  release  product  can  be  developed  for  the  amount  of  1  g 
with  the  drug  candidate  having  a  dose  of  325  mg  (Jones  et  al.,  2015).  For  example,  due  to 
the  dose  of  procainamide,  it  has  to  be  administered  after  every  3  h  to  reduce  fluctuations 
in  plasma  drug  level.  The  CRDDS  of  procainamide  is  able  to  maintain  plasma  level  for  a 
period  of  about  8  h  (Satoskar  et  al.,  2015). 


1*6*7  Better  Safety  Margin 

Among  myriad  approaches  to  defining  the  safety  margin  of  drugs,  the  therapeutic 
index  (TI)  is  the  most  common  criteria  to  be  followed  given  as  in  Eq.  (1.1): 

TI  =  Median  toxic  dose /Median  effective  dose.  (1.1) 

This  ratio  merely  provides  a  crude  estimate  of  the  relative  safety  of  drugs;  the  drug  can¬ 
didate  is  considered  safe  if  the  TI  is  in  value  exceeding  10.  The  larger  the  ratio  is,  the  safer 
the  drug  is.  This  approach  plays  an  important  role  in  the  monitoring  of  a  drug  therapy, 
especially  in  case  of  those  drug  candidates  that  have  either  narrow  therapeutic  index  or 
have  narrow  therapeutic  concentration  like  antiarrhythmic  drugs  (e.g.,  digoxin  and  digi- 
toxin)  (Grixti  et  al.,  2017). 


1*6*8  Individualization  in  a  Diseased  Condition 

The  disease  state  of  a  body  is  not  among  drug  characteristics  but  is  an  important  part  in 
consideration  of  drug  candidate  for  CRDDS.  For  example,  aspirin  is  still  used  in  RA  for 
treatment  but  is  not  considered  as  a  good  candidate  in  CRDDS  due  to  its  biological  half- 
life  (6  h).  Whereas  a  controlled  dosage  form  tends  to  maintain  a  therapeutic  concentration 
and  is  able  to  provide  release  up  to  10  h,  which  is  more  than  noncon trolled  formulation. 
The  safety  margin  of  the  drug  can  be  made  out  using  TI  of  the  drug  along  with  its  plasma 
concentration  value,  to  make  it  therapeutically  effective.  This  approach  is  valuable  for  the 
drug  with  a  narrow  absorption  window  and  narrow  therapeutic  range  concentration 
(Ramirez  et  al.,  2017). 

The  pattern  of  drug  release  should  be  precise,  to  achieve  safe  therapeutic  range;  also 
other  factors  like  an  accumulation  of  drug  due  to  frequent  dosing  and  variability  in 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


24 


1.  SCIENTIFIC  RATIONALE  FOR  DESIGNING  CONTROLLED  DRUG  DELIVERY  SYSTEMS 


patients  can  alter  plasma  level.  By  controlling  the  TI  is  possible  to  control  drug  concentra¬ 
tion  (Kamaly  et  al.,  2016). 


1.7  CONCLUSION 


Within  the  last  few  years,  the  pharmaceutical  drug  product  technology  has  developed 
an  interest  in  the  evaluation  of  a  revolutionary  drug  delivery  system,  which  is  one  of  the 
topmost  approaches  arising  that  assures  the  improved  efficacy  and  safety  of  drugs 
through  CRDDS.  For  developing  CRDDS  different  criteria  have  to  be  followed  including 
the  physiochemical,  pharmacokinetic,  and  pharmacodynamic  properties  of  the  drug. 
Different  properties  of  a  drug  show  different  range  of  value,  which  enables  a  drug  to  be 
designed  as  CRDDS  and  outside  that  range  the  design  becomes  difficult.  The  need  for 
CRDDS  is  due  to  various  limiting  factors  like  extreme  degradation  of  drug,  aqueous  solu¬ 
bility,  and  oil— water  partition  coefficient. 

Hypothetically  each  limit  alone  can  be  overcome  and  CRDDS  can  be  achieved  by  using 
physical,  biological,  and  chemical  approaches  either  alone  or  each  other  in  combination. 
Through  this  chapter,  an  attempt  has  been  made  to  explain  the  various  factors  and  proper¬ 
ties  of  drugs  affecting  the  design  of  CRDDS.  Also,  the  emphasis  was  laid  on  the 
approaches  for  designing  of  a  versatile  controlled  release  system.  A  complete  and  thor¬ 
ough  understanding  of  the  behavior  of  drug  selection  of  the  approaches  and  the  desired 
pattern  of  release  must  be  achieved. 
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CNS 

central  nervous  system 

CRDDS 

controlled  release  drug  delivery  system 

DMAEMA 

dimethylaminoethyl  methacrylate 

DNA 

deoxy  ribonucleic  acid 

FDA 

Food  and  Drug  Administration 

GIT 

gastrointestinal  tract 

HPMA-N 

(2  hydroxypropyl)  methacrylamide 

HPMC-AS 

hydroxy  propyl  methyl  cellulose  acetate  succinate 

JCR 

Journal  of  Controlled  Release 

LCST 

lower  critical  solution  temperature 

PEAA 

polymethacrylic  acid 

PEI 

polyethylenimine 
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RA 

TI 

Vd 


PGA 

PHB 

PLA 


PLGA 

PPAA 


polyglycolic  acid 
polyhydroxybutyrate 
polylactic  acid 
poly  (lactide-co-glycolide), 
polypropylacrylic  acid 
rheumatoid  arthritis 
therapeutic  index 
volume  of  distribution 
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2.1  AN  INTRODUCTION  TO  EXCIPIENT  SCIENCE 

2.1*1  History  of  Use  of  Excipients  in  Pharmaceutical  Formulations 

Drugs  from  animal  and  plant  sources  have  been  used  since  time  immemorial.  Those 
drugs  used  at  that  time  were  typically  crude  and  the  methodology  used  might  also  have 
been  crude.  Superstitions  were  prevalent;  hence  the  use  of  the  drug  was  limited  and  the 
knowledge  on  the  drugs,  their  efficacy,  and  mode  of  administration  was  also  available  to  a 
very  few  handfuls  of  people.  Throughout  history,  many  individuals  have  contributed  to 
the  advancement  of  the  health  sciences,  such  as  Hippocrates,  who  was  a  Greek  physician; 
Galen,  who  was  a  Greek  pharmacist;  and  Dioscorides,  who  was  also  a  Greek  botanist  and 
physician.  During  that  time  pharmacy  remained  as  a  branch  of  medicine  and  dealt  primar¬ 
ily  with  the  compounding  of  medicines.  With  the  increase  in  the  knowledge  of  basic 
sciences,  interest  in  pharmacy  also  increased  (Haywood  and  Glass,  2011). 

An  example  that  can  be  quoted  may  involve  the  pharmacist  Scheele  who  discovered 
various  chemicals  as  citric  acid,  lactic  acid,  tartaric  acid,  arsenic  acid,  oxygen,  and  many 
more.  He  also  identified  glycerin.  Then  in  the  early  1800s  the  German  scientist  Serturner 
isolated  compounds  from  plants.  These  discoveries  and  inventions  in  the  field  of  science 
led  to  an  increasing  need  for  the  suitable  administration  of  a  drug  to  the  patient  and 
hence,  arose  the  need  for  the  excipients. 

A  drug  is  rarely  administered  alone  and  always  is  a  part  of  or  given  in  combination  with 
one  or  more  nonmedicinal  agents  that  offer  diverse  and  typical  pharmaceutical  functions. 
Since  the  active  substance  may  need  to  be  suspended,  masked,  enhanced,  or  dissolved  to  be 
given  for  better  therapeutic  efficacy,  excipients  need  to  be  added  (Jans  et  al.,  2017). 

Dosage  form  design  is  an  important  aspect  of  pharmaceutical  technology.  During  the 
designing  of  suitable  dosage  forms,  various  parameters  are  required  to  be  considered 
including  the  physicochemical  aspects  of  drugs  and  additives  and  the  technique  used  for 
formulation  along  with  the  biological  factors.  The  proper  design  and  formulation  of  a 
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dosage  form  requires  consideration  of  physical,  chemical,  and  biologic  characteristics  of 
the  drug  and  the  added  substances.  The  added  substances  (excipients)  must  be  compatible 
with  the  drug  ideally  and  with  other  excipients  to  be  used  in  a  formulation.  Also,  the 
stability  must  not  be  compromised  (Ahuja  and  Scypinski,  2010). 

The  age  of  the  intended  patient  also  plays  a  vital  role  in  the  formulation  of  the  dosage 
form.  Upon  administration  of  a  drug  by  conventional  oral  route,  the  pharmacokinetic  and 
pharmacodynamic  behaviors  are  different  than  when  given  by  other  routes  of  administra¬ 
tion  such  as  parenteral  and  topical  routes.  With  the  increase  in  the  discovery  and  synthesis 
of  proteins  and  peptides  drugs  and  other  macromolecules,  alternative  routes  are  continu¬ 
ously  being  investigated  and  hence  the  development  of  inhalants  has  seen  growth.  To 
decrease  the  associated  toxicity  of  the  drug,  controlled  and  targeted  drug  delivery  systems 
(DDSs)  are  also  being  developed,  which  increases  patient  compliance  and  decreases  the 
overall  time  and  cost  involved  in  the  treatment.  Excipients  at  one  time  were  considered  as 
to  be  inactive  ingredients  but  now  it  is  clear  that  they  do  have  a  major  role  in  the  overall 
performance  of  the  dosage  form  in  the  body  (Pilcer  and  Amighi,  2010). 

The  process  of  drug  discovery  and  development  is  complex.  It  requires  a  collective  contri¬ 
bution  of  many  scientific  species  and  specialists  including  organic,  inorganic,  physical  and 
analytical  chemists;  bacteriologists;  physiologists;  pharmacologists;  toxicologists;  patholo¬ 
gists;  clinical  pharmacists;  physicians;  and  many  more.  With  the  discovery  of  a  potential 
new  drug  candidate  and  once  suitable  physical  and  chemical  characterizations  are  done, 
then  the  biologic  information  is  collected.  The  basic  pharmacology,  nature  of  the  drug,  its 
mechanism  of  action,  site  and  rate  of  absorption,  distribution  process  and  patterns,  binding 
with  proteins,  mode  of  elimination  from  the  body,  etc.,  need  to  be  studied.  A  comprehensive 
study  about  the  drug  on  body  tissues  and  organs  with  respect  to  short  and  long-term  stud¬ 
ies  is  required.  Further  studies  on  the  pregnant  animal  to  find  teratogenicity,  carcinogenicity, 
excretion  into  breast  milk,  and  passage  through  placenta  are  carried  out  (Kaitin,  2010). 

The  Latin  word  excipere  is  thought  to  be  the  original  word  from  which  the  term  excipi¬ 
ents  is  evolved  or  derived  ( Borland's  Medical  Dictionary ,  1974).  It  literally  means  to 
except,  to  gather,  or  to  receive.  As  per  The  Nurse  Dictionary ,  the  excipients  were  only 
considered  as  the  medium  for  giving  a  medicament  or  later  as  an  inert  support  for  the 
active  medicament.  Literatures  also  described  them  as  almost  inert  substances  required 
to  be  added  to  a  prescription  to  get  a  suitable  consistency  or  to  provide  a  form  to  the 
drug.  The  Indian  Pharmacopoeia  1996  also  describes  various  substances  as  pharmaceu¬ 
tical  aids,  which  could  be  used  as  excipients,  such  as  honey,  talc,  liquid  paraffin,  etc. 
(Sakamoto  et  al.,  2013). 

The  use  of  substances  as  excipients  for  the  formulation  of  dosage  form  was  thought  to 
have  no  effect  on  the  efficacy  of  the  drug.  Various  formulations  such  as  aromatic  waters, 
syrups,  oils,  gels,  elixirs,  and  pills  that  had  used  excipients  such  as  glycerin,  peppermint 
oil,  water,  chloroform,  oleic  acid,  etc.,  are  mentioned  in  various  official  books  including 
the  Indian  and  US  Pharmacopoeia,  British  Pharmaceutical  Codex,  etc.  All  the  dosage  for¬ 
mulations  contain  active  ingredients  along  with  other  inert  substances  in  some  form  or 
other  that  offer  some  measure  of  surety  of  drug  release,  better  stability  of  the  drug,  and 
profound  bioavailability  of  the  associated  drug.  These  excipients  may  be  inert  (preferably) 
and  may  be  simple  (diluents,  colors)  or  may  be  complex  (antioxidants,  preservatives) 
(Ahuja  and  Scypinski,  2010). 
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TABLE  2.1  History  of  Use  of  Excipients 


Name  of  Ingredient 

Use 

Formulation 

References 

Alcohol  90% 

Solubilizing  agent 

Collodium  belladonnae 

146,  BPC  (1907) 

Almond  oil 

Oil  phase 

Bromoform  emulsion 

170,  BPC  (1907) 

Cochineal 

Coloring  agent 

Parrish's  Syrup 

1117,  BPC  (1907) 

Glycerin 

Solvent 

Boroglycerin 

169,  BPC  (1907) 

Gum  acacia 

Suspending  agent 

Tolu  balsam  emulsion 

141,  BPC  (1907) 

Olive  oil 

Solvent  and  oil  phase 

Compound  carbolic  acid  ointment 

1238,  BPC  (1907) 

Sugar 

Sweetening  agent 

Effervescent  bismuth  and  ammonium  citrate 

160,  BPC  (1907) 

Tartaric  acid 

Taste  masking  agent 

Effervescent  cerium  nitrate 

239,  BPC  (1907) 

Theobroma  oil 

Suppository  base 

Ichthyol  suppository 

90,  BPC  (1907) 

Water 

Solvent 

Parrish's  syrup 

1117,  BPC  (1907) 

Excipients  have  been  used  for  a  long  time  for  preparation  of  solid  and  liquid  dosage  forms  and  the  evidence  is  present  as  written 
literature  in  official  books  such  as  the  British  Pharmaceutical  Codex. 


Sometimes  the  complex  excipients  are  difficult  to  be  put  into  a  single  category  to  have  a 
single  action  for  their  presence.  Historically,  the  excipients  have  been  simple,  analyzable, 
systemically  inert  substances  of  natural  origin  such  as  sugar,  chalk,  bentonite,  celluloses, 
or  starches.  But  newer  developments  in  the  field  of  the  DDS  have  led  to  innovations  and 
discovery  of  newer  additives,  which  range  from  being  simple  to  complex  and  highly  com¬ 
plex  substances  (superdisintegrants,  stabilizers,  etc.).  These  new  excipients  need  not  be 
totally  inert  biologically  and  simple  in  nature  but  some  do  have  a  certain  therapeutic  activ¬ 
ity  to  offer.  Even  some  of  the  excipients  have  been  found  to  be  toxic  in  preliminary  animal 
studies  and  also  have  long-term  toxic  effects  (e.g.,  dextrans,  cyclodextrins,  and  parabens). 
But,  mostly  these  need  to  be  safe  upon  usage  in  formulations  for  human  use  (Tekade 
et  al.,  2017).  The  history  of  excipients  is  summarized  in  Table  2.1. 

Most  of  this  information  related  to  the  excipients  may  be  present  in  official  books  such 
as  pharmacopoeias,  which  were  originally  produced  with  the  sole  intention  of  helping  the 
dispensers  to  determine  the  meaning  and  value  of  the  terms  employed  in  various  sorts 
of  preparations,  typically  extemporaneous  preparations.  This  could  be  related  to  the 
approved  and  established  remedies  containing  a  detailed  description  and  information 
about  the  drug  and  chemicals  that  are  officially  recognized  in  the  treatment  of  disease. 
This  may  also  act  as  a  ready  reference  during  preparation  (BPC,  1907). 

Many  excipients  that  were  prevalent  have  been  now  discontinued  or  abandoned 
because  of  their  potential  risk-causing  or  interaction  with  the  active  pharmaceutical  ingre¬ 
dient  (API).  Further,  the  routes  of  administration  (oral,  parenteral,  topical,  inhalation, 
rectal,  etc.)  have  also  had  an  effect  on  the  development  and  use  of  excipients.  Since  to 
facilitate  administration  of  a  drug  by  the  selected  and  chosen  route  of  administration,  an 
appropriate  dosage  form  is  required  to  be  formulated  such  as  powder,  granules,  tablets, 
capsules,  lotions,  creams,  gels  and  so  on.  Their  design,  development,  formulation. 
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fabrication,  and  use  will  require  all  the  aspects  and  knowledge  of  pharmaceutical  sciences 
and  pharmaceutical  technology  (Daughton  and  Ruhoy,  2011). 


2.1*2  Need  and  Rationale  Behind  the  Use  of  Excipients 

Each  and  every  pharmaceutical  product  is  unique  by  itself,  hence  the  need  and  presence 
of  the  nontherapeutic  and  other  pharmaceutical  ingredients  that  we  call  excipients.  It  is 
through  the  use  of  these  additives /excipients  that  the  uniqueness  of  a  formulation  is 
achieved  along  with  the  required  composition  and  characteristic  morphological  features. 
To  ensure  the  stability  of  the  drug  that  is  present  or  is  to  be  incorporated  in  the  dosage 
form  and  to  achieve  efficacy  and  accuracy  in  therapeutic  activity,  the  full  knowledge  of 
science  is  required  (Salunke  et  al.,  2012).  The  formulation  excipient  must  be  physically  and 
chemically  compatible  with  the  API  and  the  other  ingredients  of  the  formulation  such  as 
the  packaging  material.  These  excipients  are  also  required  to  prevent  the  formulation  from 
degradation  and  microbial  contamination.  The  effect  of  environmental  factors  of  heat, 
light,  and  moisture  should  also  be  controlled  to  prolong  the  stability.  The  therapeutic 
ingredients  need  to  be  released  at  a  proper  time  and  rate  that  have  been  predesigned  and 
in  proper  quantity  and  manner  so  that  the  onset  and  duration  of  drug  action  are  achieved 
as  desired.  Patient  compliance  needs  to  be  high  (Pilcer  and  Amighi,  2010). 

AT  Florence,  who  is  the  former  president  of  the  Controlled  Release  Society,  in  the  early 
1990s  said  that  no  new  excipients  were  coming  out,  no  new  solubilizers  and  sustained 
release  excipients  were  being  discovered.  This  was  the  scenario  in  recent  history.  At  that 
time  none  of  the  new  excipients  were  discovered  and  no  significant  work  was  being  car¬ 
ried  out  by  the  researchers  in  this  field.  The  developments  in  dosage  forms  and  design  of 
novel  DDSs  were  done  using  the  already  existing  traditional  excipients.  The  major  devel¬ 
opments  in  this  field  took  place  in  recent  times.  But  still,  the  focus  of  pharmaceutical 
industries  and  researchers  are  lacking  significantly  in  this  arena  (Schuster  et  al.,  2011). 

Most  of  the  time,  existing  excipients  are  combined  in  some  of  the  other  ratios  to  alter 
their  action,  hence  a  lacuna  is  prevalent  in  the  field  of  design  and  discovery  of  new  excipi¬ 
ents.  The  main  reasons  behind  the  lack  of  interest  in  this  field  may  be  due  to  the  financial 
aspect  of  it,  which  discourages  suppliers  and  pharma  companies.  These  include  prolonged 
development  time,  toxicity  issues,  regulatory  aspects,  and  high  costs  and  failure  rates. 
Also,  there  are  a  very  few  excipients  suppliers  and  manufacturers  as  compared  with  the 
bulk  drug  industry  (Kepplinger,  2015). 

The  drug  interactions  with  the  excipient  are  studied  in  animals  and  found  to  be  of  great 
significance  even  if  it  is  minor  but  in  certain  cases  may  be  fatal.  For  example,  if  the  patient 
is  terminally  ill,  then  the  physician  or  the  medical  provider  gets  tempted  to  use  relatively 
larger  doses  of  the  drug.  This  is  the  usual  case  seen  when  the  therapy  utilizes  steroids, 
antimicrobial  agents,  or  with  multiple  drug  therapy.  At  this  state  normally,  the  patient  is 
too  much  in  the  level  of  sedation/unconsciousness  or  disability  that  the  response  is  usu¬ 
ally  unclear.  The  chances  of  interaction  in  such  cases  go  significantly  high  and  stay  unde¬ 
tected,  and  might  play  a  major  role  in  the  survival  of  the  patient.  Hence,  the  need  for 
evaluation  of  drugs  and  excipients  while  selection  for  simultaneous  use  and  possible 
incompatibility  is  needed  (Zhang  et  al.,  2012). 
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2.1*3  Why  Is  the  Pharma  Industry  Not  Taking  Interest  to  Develop 
and  Use  Novel  Excipients? 

The  development  of  a  new  excipient  molecule  is  an  expensive  and  risky  affair.  The  rea¬ 
son  why  the  pharma  industry  and  chemists  do  not  take  such  a  huge  risk  in  development 
of  a  novel  compound  as  excipient  is  due  to  the  high  risk  and  chances  of  failure  and  rejec¬ 
tion  by  the  authorities  and  regulatory  agencies.  Further,  the  new  excipient  molecule  is 
now  treated  as  a  new  drug;  hence  the  various  preapproval  studies  are  a  costly  affair.  Even 
if  the  studies  are  done  and  found  to  be  relevant  then  also  the  use  of  excipients  is  limited 
to  a  specific  dosage  form.  Hence,  the  required  interest  for  fast  and  continuous  discovery 
and  development  in  the  excipient  field  is  slow. 

The  above  link  also  explains  the  areas  that  are  to  be  validated  along  with  the  need  for 
the  stability  studies.  These  studies  are  required  for  approval  in  the  international  markets. 
Various  novel  excipients  have  still  made  it  to  the  international  markets  and  found  regula¬ 
tory  approval.  As  per  the  survey  reported  in  www.marketsandmarkets.com,  the  excipient 
market  seems  to  be  experiencing  a  boom  (Fig.  2.1). 

There  are  new  excipients  being  developed  and  derivatives  of  existing  molecules  are 
also  being  discovered.  A  similar  focus  is  now  paid  to  the  development  of  inorganic  and 
organic  chemicals,  though  organic  chemicals  as  excipients  are  still  far  ahead  in  terms  of 
interest  shown  by  researchers.  Controlled  DDSs  are  the  most  worked  upon  the  field  and 
hence  the  need  of  novel  excipients  for  these  is  in  demand.  Still,  the  rate  at  which  the 
research  should  be  going  in  development  of  new  excipients  requires  a  significant  boost 
(Tiwari  et  al.,  2012). 


Global  pharmaceutical  excipient  market  size  and  forecast 
2015-24  (US$  Billion) 


FIGURE  2.1  Global  pharmaceuticals  market  expected  growth.  The  need  for  excipients  in  pharmaceutical 
industries  is  ever  present  and  with  the  new  technologies  and  development  in  drug  delivery  technologies  the 
excipient  market  will  grow.  The  figures  suggest  the  continuous  demand  for  excipients  presently  and  in  the 
future.  This  is  a  projected  and  predicted  future  of  the  functionality  of  excipients.  Source:  Data  obtained  from 

Variant  Market  Research  (https://www.variantmarketresearch.com/reportcategories/pharmaceuticals/pharmaceutical-excipi- 
ents-market). 
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This  requires  all  the  studies  that  a  new  drug  will  need  to  undergo  such  as  subchronical 
and  chronical  studies;  toxicological  studies  including  acute  toxicity  study,  reproductive 
toxicity,  and  genotoxicity  studies;  and  also  pharmacokinetic  profiling.  These  need  to  be 
tested  as  per  the  latest  ICH  guidelines  and  also  should  follow  ICH  climate  zones  approval. 
Although  most  of  the  excipients  that  are  developed  or  are  in  the  development  stages  are 
of  high  molecular  weight  or  of  natural  or  biodegradable  origin,  the  chances  of  systemic 
absorption  are  rather  less.  Also,  the  stability  of  most  of  the  polymers  is  better  than  the 
therapeutically  active  drug  as  these  are  designed  to  stabilize  the  drug  or  protect  the  drug 
(Marwaha  et  al.,  2010). 

The  development  process  of  a  novel  excipient  is  based  on  the  basic  understanding  as  to 
which  field  the  new  excipient  belongs,  that  is: 

•  whether  it  is  a  new  product  or 

•  it  is  a  derivative  of  an  existing  product  or 

•  it  is  a  successor  of  an  existing  product 

An  example  is  polyvinylpyrrolidone  (PVP),  which  has  been  used  as  a  disintegrant,  dilu¬ 
ent,  sustained  release  polymer,  and  also  a  binding  agent  in  the  form  of  a  solution  when  it 
is  dissolved  in  an  organic  solvent.  Its  chemically  modified  form  is  cross  PVP,  which  is 
used  as  a  super  disintegrant  (Al-Khattawi  and  Mohammed,  2014). 

Another  example  is  lactose,  which  is  a  common  diluent  used  in  solid  dosage  forms  such 
as  tablets  and  capsules.  But,  with  the  development  of  new  DDSs  and  especially  novel  DDSs, 
its  various  derivatives  are  available  in  the  market  as  spray  dried  lactose,  granular  lactose, 
extra  fine  lactose,  and  so  on.  Beta-cyclodextrin  is  an  excipient  that  is  used  for  complexation 
of  a  drug  molecule  or  that  has  been  synthesized  as  to  increase  the  solubility  of  a  poorly 
water-soluble  drug  or  to  mask  poor  taste  and  odor  of  a  drug  molecule.  This  molecule  had 
undergone  various  developments  and  various  new  derivatives  as  hydroxypropyl-beta- 
cyclodextrin  and  sulfobutyl  beta-cyclodextrin  are  synthesized  (Garavani  et  al.,  2010). 

If  a  completely  new  molecule  is  developed,  it  is  difficult  as  no  basic  structure  is  avail¬ 
able  that  can  act  as  a  framework  for  the  development  of  the  future  structure.  Normally  a 
2-year  screening  period  is  given  to  a  new  molecule  to  determine  its  suitability  for  the 
future  modifications.  Then  these  are  optimized  on  a  laboratory  scale  to  find  a 
suitable  ratio  of  monomers  to  develop  a  polymer,  which  is  then  taken  to  pilot  plant  scale 
up.  Then  the  toxicological  evaluations  are  done,  which  takes  approximately  another 
3  years.  So,  on  average,  development  of  a  new  excipient  takes  about  7  years  and  after  that 
the  chances  of  rejection  and  disapproval  are  still  high  (Wolpert  et  al.,  2015). 

The  approval  process  for  excipients  follows  a  similar  path  as  that  required  by  a  new  drug 
molecule.  If  there  could  be  a  separate  approval  process  and  guidelines  for  the  excipients, 
then,  the  development  process  could  speed  up.  The  investments  would  be  higher  and  this 
would  also  help  in  the  development  of  more  and  more  excipients  to  contribute  to  the  devel¬ 
opment  of  far  better  and  more  advanced  DDSs  and  dosage  forms.  This  would  prove  benefi¬ 
cial  to  investors,  suppliers,  researchers,  and  also  to  the  patients  (Kefalas  and  Ciociola,  2011). 

The  therapeutic  dosage  forms  are  available  in  various  types  of  dosage  form,  as  dis¬ 
cussed  previously  in  the  chapter.  Excipients  are  pharmaceutical  substances  that  are  used 
in  dosage  forms  to  help  get  a  suitable  dosage  form,  to  aid  in  the  overall  manufacturing 
process,  to  enhance  all  delivery,  and  thus  contribute  to  the  overall  acceptance  by  the 
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FIGURE  2.2  Ideal  properties  of  excipients  for  a  suitable  dosage  form.  Properties  of  excipients  in  pharmaceu¬ 
tical  formulation  play  a  major  role  in  determining  the  stability  and  effectiveness.  Physical  and  chemical  property 
variation  of  excipients  must  be  considered  as  quality  input  variables. 

patient  and  effective  drug  delivery.  Many  different  excipients  are  used  in  the  formulation 
of  medicines  and  make  up,  on  average,  about  90%  of  each  product  (dosage  form).  They 
represent  a  market  value  of  approximately  €3  billion  (almost  $4  billion)  accounting  for 
0.5%  of  the  total  pharmaceutical  market  according  to  industry  experts  (Parikh,  2016). 

It  is  important  to  remember  that  no  excipient  is  inert  and  above  a  certain  concentration 
can  alter  the  treatment  outcomes.  Therefore,  the  selection  and  use  of  excipients  should  be 
justified.  Some  of  the  ideal  properties  of  excipients  are  given  in  Fig.  2.2.  Further,  it  is  the 
responsibility  of  a  pharmacist  to  review  the  prescription  for  its  key  ingredients  to  ensure 
the  safe  use  of  medicines. 


2.1*4  Role  of  Excipients  in  Pharmaceutical  Formulations 

Currently  the  role  of  excipients  is  not  just  limited  to  being  an  inactive  support;  they  also 
help  in  protecting,  stabilizing,  delivering,  identifying,  increasing,  and  enhancing  the  ele¬ 
gance  and  patient  compliance.  The  activity  that  is  required  of  the  given  excipient  is  termed 
as  ''functionality,"  which  is  actually  an  inherent  property  of  the  excipient  in  the  dosage 
form.  The  rate  and  technique  of  addition  of  the  additive  in  the  formulation  determine  this 
functionality  (Narang  and  Boddu,  2015).  The  excipients  may  belong  to  one  or  more  func¬ 
tional  category  classifications  as  per  their  use  in  marketed  and  developed  pharmaceutical 
formulations.  The  excipients  are  used  to  offer  varied  roles  in  conventional  and  novel  dos¬ 
age  forms  and  DDSs  (Chaudhari  and  Patil,  2012): 

•  to  increase  solubility  of  the  drug 

•  to  increase  the  shelf  life  of  drug 
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•  to  increase  the  shelf  life  of  the  formulation 

•  to  enhance  organoleptic  properties  of  the  dosage  form 

•  to  act  as  a  carrier 

•  to  alter  the  release  rate  kinetics 

•  to  increase  the  stability  of  the  dosage  form 

•  to  formulate  a  dosage  form 

•  to  give  an  identity  to  the  dosage  form 

•  to  create  a  brand  and  establish  the  brand  value  of  the  marketed  dosage  form 

•  to  decrease  the  cost  of  therapy 

•  to  act  as  filler  and  diluents 

•  to  increase  absorption  of  the  drug 

•  to  enhance  drug  targeting 

•  to  ensure  better  therapeutic  efficacy  and  patient  compliance 

The  excipient  may  help  improve  bioavailability  of  the  active  drug,  as  seen  with  drugs 
such  as  aspirin,  which  is  not  absorbed  easily  in  the  biologic  system  and  hence  needs  to  be 
given  with  an  excipient  that  may  act  as  a  solvent  for  it,  assist  in  its  absorption  in  the  bio¬ 
logic  system,  or  increase  the  bulk  of  a  potent  drug  (which  has  a  low  therapeutic  dose,  and 
hence  needs  some  additive  to  increase  quantity  during  formulation  to  help  get  a 
suitable  dosage  form  or  it  may  be  used  to  enhance  patient  compliance  and  acceptance  as 
seen  with  colors,  flavors,  and  other  organoleptic  additives)  (Bharate  et  al.,  2016). 

Excipients  may  also  increase  and  improve  the  safety  and  efficacy  of  a  formulation  dur¬ 
ing  and  throughout  its  storage  and  use.  The  excipients  may  be  classified  into  various  crite¬ 
ria  such  as: 

•  source 

•  chemical  nature 

•  synthetic  or  nonsynthetic  nature 

•  method  of  manufacture 

•  routes  of  administration 

•  physical  state 

•  use 

•  chemical  composition  and  so  on  (Thomas,  2011) 


2.1*5  Criteria  for  Selection  of  Excipients 

These  components  are  generally  termed  as  excipients  and  according  to  the  International 
Pharmaceutical  Excipient  Council,  excipient  is  defined  as  "any  substance  other  than  active 
drug  or  pro-drug  that  is  included  in  the  manufacturing  process  or  is  contained  in  finished 
pharmaceutical  dosage  forms."  The  US  Pharmacopoeia-National  Formulary  (USPNF)  cate¬ 
gorizes  excipients  according  to  the  functions  they  perform  in  the  formulations,  for  exam¬ 
ple,  binders,  disintegrants,  etc.  (Sarpal  et  al.,  2010). 

The  excipients  may  be  used  in  solid  dosage  forms  to  act  as  binders,  diluents,  lubricants, 
disintegrating  agents,  plasticizers,  etc.  Sometimes  a  single  excipient,  depending  upon  its 
use,  may  offer  different  functions,  as  seen  with  starch.  When  starch  is  used  in  dry  form  it 
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functions  as  a  disintegrant  and  when  used  as  5%— 7.5%  suspension  mucilage  it  acts  as  a 
binder  in  tablet  formulations  prepared  by  wet  granulation  process.  Excipients  are  also 
used  in  liquid  dosage  forms  as  solvents,  cosolvents,  buffers,  antimicrobial  agents,  emulsi¬ 
fying  agents,  sweetening  agents,  flavors,  etc.  (Shakeel  et  al.,  2007).  Ideally,  excipients 
should  be  inert  but  some  excipients  offer  therapeutic  activities  as  well,  such  as: 

•  xanthan  gum  and  guar  gum,  which  are  used  as  diluents;  the  gelling  agent  may  act  as  a 
laxative 

•  ispaghula  husk;  suspending  agents  as  bentonite  may  also  have  laxative  actions 

•  flavors  like  cinnamon,  camphor,  dill,  anise  as  aromatic  water  and  pharmaceutical  aids 
may  be  carminatives  as  well 

•  citric  acid,  which  is  used  as  a  chelating  agent;  the  deflocculating  agent  may  alter  the  pH 
of  the  biologic  fluid 

•  lactose  and  sucrose,  used  as  fillers  and  sweeteners  respectively,  may  act  as  a  source  of 
nutrients 

•  chloroform,  which  is  used  as  a  flavoring  agent,  carminative,  and  preservative  and  may 
also  be  anesthetic 

Certain  artificial  excipients  such  as  binders,  fillers,  and  flow  agents  are  hazardous  to 
human  health.  These  are  used  to  give  a  custom  color  to  a  formulation  or  fillers  to  add 
bulk  in  tablets  and  capsules,  as  flow  agents  to  allow  mixing  of  various  ingredients,  and  as 
lubricants  to  ease  filling  of  capsules  and  movement  of  powder  during  processing 
(Chowdhury  et  al.,  2014).  Some  of  the  hazards  associated  with  artificial  excipients  are  pre¬ 
sented  in  Fig.  2.3. 

Numerous  similar  examples  may  be  listed  where  the  inertness  of  the  excipients  has 
been  compromised  to  get  their  excipient  action.  The  development  of  excipients  is  done  in 
a  way  that  is  similar  to  that  of  any  drug  or  API.  Hence,  it  is  required  that  complete  infor¬ 
mation  of  the  excipients  be  provided  including  the  name,  chemical  name,  and  quantity 
used  of  the  substance  that  has  been  used  in  any  formulation.  If  possible  the  standards  for 
the  same  should  also  be  mentioned,  which  will  give  an  insight  into  the  possible  criterion 
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FIGURE  2.3  Hazards  of  artificial  exci¬ 
pients.  Excipients  play  various  and  vital 
roles  in  the  formulation  of  the  dosage  form. 
But,  their  irrational  selection  may  put  the 
users  at  high  risk.  This  is  especially  seen 
with  the  above-mentioned  and  most  com¬ 
monly  used  excipients. 
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for  its  selection.  However  it  is  not  mandatory  to  perform  assays  of  the  excipients  and  iden¬ 
tity  testing  if  the  above-mentioned  information  is  provided  (Marwaha  et  al.,  2010). 

Certain  types  of  excipients  are  also  used  in  the  formulation  of  preventive  medicines  as 
vaccines,  where  these  are  deliberately  added  to  increase  stability  (overall  stability  and  pre¬ 
vention  of  microbial  contamination).  These  may  also  be  added  to  help  formulate  a  particu¬ 
lar  dosage  form  in  which  the  vaccine  is  most  therapeutically  active,  stable,  and  acceptable. 
These  may  include  antioxidants  and  other  types  of  stabilizing  agents,  preservatives,  and 
proteins  such  as  gelatine  and  egg  albumin,  glutamates,  and  others. 

The  excipients  are  added  to  the  formulation,  so  that  when  it  reaches  the  systemic  circu¬ 
lation  or  the  target  site  inside  the  body  of  a  patient,  then  maximum  therapeutic  activity 
with  minimum  toxic  and  side  effects  should  take  place.  The  proper  selection  of  the  excipi¬ 
ent  not  only  will  affect  the  final  therapeutic  outcome  of  the  dosage  form  but  will  also  be 
responsible  for  creating  a  brand  image  for  the  formulation.  Hence,  the  selection  of  excipi¬ 
ent  should  be  done  taking  into  account  all  the  major  stakeholders  (Apte,  2016).  Fig.  2.4 
shows  the  major  stakeholders  for  excipients. 

Continuous  new  drugs /chemical  entities  are  been  screened  for  their  efficacy,  yet  design¬ 
ing  of  those  as  a  suitable  dosage  form  is  always  preferred.  The  combination  of  drug(s) 
and  excipients  play  an  important  role  in  the  physical  and  chemical  properties  of  the  final 
product  and  determine  to  a  great  extent  the  final  quality  and  effectiveness  of  the  product. 

In  the  case  of  liquid  oral  dosage  forms,  the  choice  of  excipient  rests  on  factors  such  as 
chemical  and  physical  compatibility  and  stability  of  the  product  along  with  ensuring 
acceptable  organoleptic  product  properties  (i.e.,  taste,  color,  consistency,  etc.)  (Narang 
et  al.,  2015). 

In  the  case  of  solid  dosage  forms,  the  choice  of  excipients  is  determined  by  factors  such 
as  the  type  of  product  and  effect  required  and  also  on  the  chosen  method  of  manufacture, 
and  the  influence  of  excipients  on  the  flow  and  compressibility  properties  of  the  mixture/ 
granulate.  Good  tableting  properties  (exclusion  of  tableting  problems  such  as  laminating, 
capping,  punch,  adhesion,  etc.)  enhance  the  formulation  acceptability.  In  general,  the 
inclusion  of  excipients  must  contribute  positively  to  the  quality  and  effectiveness  of  the 
final  product  (Narang  et  al.,  2015).  Examples  of  some  excipients  used  in  solid  and  liquid 
dosage  forms  are  presented  in  Fig.  2.5. 


FIGURE  2.4  Stakeholders  for  excipients.  The 

market  for  excipients  is  governed  by  and  related  to 
their  rationale  and  required  use.  Patients  are  the  most 
important  part  in  this,  as  patient  compliance  and  best 
therapy  can  be  directed  by  using  a  proper  excipient. 
The  roles  of  developers  and  prescribers  are  governed 
by  the  object  of  proper  therapy  to  the  patients. 
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FIGURE  2.5  Example  of  excipients 
for  solid  and  liquid  dosage  forms.  Solid 
and  liquid  dosage  forms  are  widely  used 
and  formulated.  To  enhance  the  required 
features  of  the  drug  and  the  therapy,  sta¬ 
bility,  and  formulation,  various  additives 
are  added. 


A  single  type  of  excipient  may  offer  varied  uses,  for  example,  acacia  acts  as  an  emulsi¬ 
fying  agent  (10% —  20%),  stabilizing  agent,  suspending  agent  (5% — 10%),  tablet  binder 
(1% — 5%),  and  as  a  viscosity  increasing  agent.  However,  using  acacia  in  higher  concentra¬ 
tions  may  lead  to  increase  in  disintegration  and  dissolution  times.  Calcium  carbonate 
(CaC03)  is  mainly  used  as  a  tablet  diluent.  It  also  acts  as  a  buffering  agent  and  as  a  disso¬ 
lution  aid  in  dispersible  tablets.  Coprocessing  of  excipients  is  a  novel  method  used  in  the 
preparation  of  tablet  dosage  forms,  in  which  only  a  physical  modification  of  excipients  is 
done  without  changing  their  chemical  nature.  Usually,  most  of  the  formulations  have  exci¬ 
pients  in  higher  proportion  than  the  drug.  Hence,  these  excipients  should  have  good  flow 
properties  and  compatibility  with  each  other,  which  can  be  achieved  by  combining  the 
properties  of  excipients  (Pusapati  et  al.,  2014). 

As  per  the  FDA,  all  the  excipients  are  known  by  an  E-number  and  a  CAS  number  that 
describes  the  properties  and  provides  an  identity  to  the  substance  (Table  2.2).  A  knowl¬ 
edge  of  E-number  and  CAS  number  helps  in  identifying  the  chemical  even  if  it  is  available 
with  different  names  or  brand  names.  It  also  signifies  that  the  same  number  may  be  appli¬ 
cable  to  a  polymer  present  in  various  states. 

The  market  for  excipients  varies  with  the  region.  For  example,  the  sugar  excipients  mar¬ 
ket  is  bigger  in  North  America  and  Europe  as  compared  with  in  the  Asia  Pacific  region 
and  Latin  America.  This  creates  a  further  void  in  the  development  of  excipients  in  those 
areas  (Kolter  and  Guth,  2016). 


2.1 .6  Coprocessed  Excipients 

Over  the  last  two  decades,  DDS  have  gained  importance  and  high  growth  rates  are 
expected  in  the  future.  In  principle,  there  are  three  types  of  excipients  and  the  develop¬ 
ment  processes  for  these  vary  significantly:  modified  excipients,  coprocessed  excipients, 
and  novel  excipients.  The  most  challenging  task  facing  these  three  categories  is  the 
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TABLE  2.2  Examples  of  Excipients  With  Their  CAS  Number  and  E^Number 


Name 

CAS  Number 

E-Number 

Alpha-tocopherol 

1406184 

E307 

Acetic  acid  glacial 

64197 

E260 

Agar 

9002180 

E406 

Alginic  acid 

9005327 

E400 

Ascorbic  acid 

50817 

E300 

Benzoic  acid 

65850 

E210 

Butylated  hydroxy  anisole 

25013165 

E320 

Boric  acid 

10043353 

E284 

Butylated  hydroxy  toluene 

128370 

E321 

Calcium  acetate 

62544 

E268 

Calcium  hydroxide 

1305620 

E526 

Carbon  dioxide 

124389 

E290 

Cellulose  microcrystalline 

9004346 

E460 

Dibasic  potassium  phosphate 

7758114 

E340 

Dimethicone 

9006659 

E900 

Edetate  calcium  disodium 

6766876 

E385 

Ethyl  cellulose 

9004573 

E462 

Glycerin 

56815 

E422 

Guar  gum 

9000300 

E412 

Hydrochloric  acid 

7647010 

E507 

Hydroxypropyl  cellulose 

9004642 

E463 

Isomalt 

64519820 

E953 

Kaolin 

1332587 

E559 

Lactic  acid 

50215 

E270 

Magnesium  carbonate 

17968262 

E504 

Mannitol 

69658 

E421 

Phosphoric  acid 

7664382 

E338 

Poly  dextrose 

68424044 

E1200 

Sorbic  acid 

110441 

E200 

Talc 

14807966 

E553b 

A  CAS  Registry  Number,  also  referred  to  as  CASRN  or  CAS  Number,  is  a  unique  numerical  identifier  assigned  by 
the  Chemical  Abstracts  Service  (CAS)  to  every  chemical  substance  described  in  the  open  scientific  literature 
whereas  E  numbers  are  codes  for  additives  that  have  been  assessed  for  use  within  the  European  Union  (the  "E" 
prefix  stands  for  "Europe"). 
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development  of  novel  excipients  that  can  be  considered  to  be  new  chemical  entities  (NCE) 
as  these  could  take  at  least  6—7  years  and  incur  very  high  costs.  It  explains  the  difficulties 
that  may  arise  from  regulatory  and  safety  requirements,  development  costs,  manufactur¬ 
ing  restrictions,  and  the  long  time  to  market.  The  pharmaceutical  industry  prefers  excipi¬ 
ents  that  have  a  preapproved  functional  role  in  drug  products  to  avoid  an  additional 
perceived  risk  in  drug  product  development. 

In  implementing  quality  by  design  for  drug  formulation,  it  is  crucial  to  identify  the  criti¬ 
cal  properties  of  excipients  and  understand  how  their  variation  affects  the  final  drug  prod¬ 
uct  (Garg  et  al.,  2013).  High  excipient  variability  can  become  detrimental  when  certain 
excipient  properties  have  shown  to  affect  potency,  purity,  or  even  processing  of  a  particu¬ 
lar  product  (e.g.,  pH,  moisture,  residual  metals,  or  peroxides). 

This  variability  may  also  become  detrimental  when  consistent  properties  of  functional 
excipients  are  crucial  to  achieving  reproducible  product  performance  and  quality, 
especially  for  more  sophisticated  delivery  systems,  such  as  modified  release  (MR)  or 
amorphous  solid  dispersion  (ASD)  products.  The  extent  of  supplier-to-supplier  and/or 
batch-to-batch  inherent  variability  of  an  excipient  often  depends  on  the  variations  in  the 
starting  raw  materials  (e.g.,  source,  specifications),  manufacturing  technology  (e.g.,  batch 
vs  continuous  processing),  process  parameters  and  controls,  scale,  equipment,  systems, 
operators,  environmental  conditions,  and  even  characterization  tests  (e.g.,  sensitivity,  selec¬ 
tivity)  (Pusapati  et  al.,  2014). 

The  source  of  an  excipient  (i.e.,  natural,  naturally  derived,  synthetic,  or  semisynthetic) 
typically  plays  a  key  role  in  its  inherent  variability.  For  example,  the  feedstock  for  natu¬ 
rally  derived  polymeric  excipients  often  varies  with  species  of  crop,  growing  conditions, 
and/or  harvesting  location.  Due  to  a  broader  natural  variation,  batch  blending  is  some¬ 
times  required  to  meet  product  specifications,  resulting  in  greater  composition  variations. 
In  contrast,  synthetic  excipients  are  manufactured  from  purer  starting  chemicals  and  thus 
generally  exhibit  lower  variability  when  manufacturing  is  well  controlled.  Its  variability  is 
more  often  manifested  by  variations  in  residual  starting  materials,  byproducts,  or  synthetic 
impurities,  for  example,  though  excipient  properties  can  still  fluctuate.  Lastly,  the  impact 
of  excipient  properties  can  also  be  related  to  the  sensitivity  (robustness)  of  the  formulation, 
process,  and  even  test  methods  of  a  product  to  excipient  variability. 

Coprocessed  excipients  are  coming  to  the  market  frequently  due  to  the  less  vigorous 
safety  testing  that  is  required  for  them.  Since  these  are  made  of  already  defined  and 
approved  excipients,  development  is  less  taxing.  The  time  required  for  approvals  is  less 
and  the  suppliers  are  more  eager  toward  coprocessed  excipients  as  compared  with  the 
novel  and  new  excipients.  This  also  offers  better  functionality  at  a  lower  price  (Chaudhari 
et  al.,  2012). 

With  the  development  of  novel  DDSs,  the  role  of  excipients  is  also  changing.  They  may 
require  new  features  such  as: 

•  increased  size  and  porosity  to  develop  controlled  drug  delivery  and  depot  formation 

•  different  pH  solubility  to  derive  spatial  control 

•  surface  roughness,  etc. 

But,  changes  in  the  morphological  features  of  an  excipient  cause  drastic  changes  in  its 
flow  properties,  packing  behavior,  and  cost.  Hence,  better  and  required  features  are 
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Different  excipients 


Morphological  properties  Chemical  properties 


FIGURE  2.6  Steps  involved  in  the  develop¬ 
ment  of  coprocessed  excipients.  Coprocessed  exci¬ 
pients  utilize  mixing  of  different  excipients  in 
proper  proportions  to  get  one  or  more  required 
properties.  These  comixed  excipients  should  be 
compatible  with  each  other  and  no  physical,  chem¬ 
ical  incompatibility  must  exist. 


Processing 


Ratio 


obtained  by  combining  two  or  more  excipients.  Development  of  coprocessed  excipients 
involves  various  steps  as  shown  in  Fig.  2.6. 

Examples  of  coprocessed  excipients  include  Cellactose  (lactose  and  cellulose),  Formaxx 
(sorbitol  and  calcium  carbonate),  Ludipress  (lactose  and  kallidone),  and  Pharmatose  (DCL 
40-lactitol  and  (3-lactose)  (Garg  et  al.,  2013). 


2.1* *7  Ideal  Properties  of  Excipients 

A  dosage  form  consists  of  API  along  with  additives  to  perform  various  functions  to 
increase  bulk,  provide  a  form  to  a  formulation,  enhance  patient  compliance,  increase  sta¬ 
bility,  and  much  more,  as  discussed  previously.  Any  additive  if  is  to  be  added  to  a  for¬ 
mula  need  to  have  certain  ideal  properties  as  (Yu,  2013); 

•  chemically  and  physically  inert  in  nature 

•  nonreactive 

•  therapeutically  inactive 

•  nontoxic 

•  help  in  formulation 

•  stable  against  environmental  factors,  acids,  and  alkalis 

•  increase  stability  of  the  drug 

•  pharmaceutically  aesthetic  and  acceptable 

•  enhance  patient  compliance 

•  compatible  with  drug  and  other  ingredients  of  the  formulation 

•  economic 

•  easily  available 

•  nonirritant 

•  preferably  biodegradable 

•  available  in  various  categories  and  multipurpose 

•  could  be  easily  standardized 

•  sterilizable 

•  pure 
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2.2  EXCIPIENTS  USED  IN  DIFFERENT  DOSAGE  FORMULATIONS: 
ROLE  IN  PRODUCT  DEVELOPMENT 


Dosage  forms  may  be  solid,  semisolid,  or  liquids  in  nature.  Additives  are  added  to  the 
dosage  forms  to  perform  various  functions  and  a  list  of  additives  used  in  various  dosage 
forms  is  presented  in  Fig.  2.7. 

These  various  additives  are  selected  based  on  certain  parameters  including  solubility, 
compatibility,  stability,  and  economic  aspects.  These  additives  can  be  broadly  classified  on 
various  bases,  such  as  (York,  2013): 

•  on  the  basis  of  source:  natural,  semisynthetic,  or  synthetic 

•  on  the  basis  of  use:  glidant,  filler,  antiadherent,  etc. 

•  on  the  basis  of  degradability:  biodegradable  and  nonbiodegradable 


2.2.1  Excipients  Used  in  the  Solid  Dosage  Form 

Out  of  all  the  types  of  dosage  forms,  the  solid  dosage  formulations  are  the  most  impor¬ 
tant,  widely  used,  and  preferred  dosage  forms  for  generally  all  types  of  drugs.  Examples 
of  solid  dosage  forms  include  tablets,  capsules,  granules,  powders,  sachets, 
reconstitutable  powders,  dry  powder  inhalers,  chewables,  etc.  Additives  are  added  to  solid 
dosage  forms  for  various  functions  such  as  (Qiu  et  al.,  2016): 

•  to  help  in  the  formulation 

•  to  stabilize  the  drug 


Solid  dosage 

Liquid  dosage 

Semisolid 

Nano 

forms 

forms 

dosage  forms 

formulations 

*  Anti  adherents 

*  Solvents 

*  Bases/structure 

•  Polymers 

*  Binders 

*  Cosolvents 

forming  agents 

-  Lipids 

*  Coating  agents 

*  Buffers 

*  Preservatives 

•  Crosslinkers 

*  Disinte  grants 

*  Preservatives 

*  Antioxidants 

-  Gelling  agents 

*  Fillers 

*  Wetting  agents 

*  Solubilizers 

*  Mu  coadhesive 

*  Lubricants 

*  Surfactants 

*  Gelling  agents 

agents 

*  Glidants 

*  Antifoaming 

*  Emollients 

•  Cryo  protectants 

*  Sorbents 

agents 

*  Penetration 

-  Preservatives 

*  Solubilizing 

♦  Thickening 

enhancers 

*  Stabilizers 

agents 

agents 

*  Vehicles 

♦  Plasticizers 

*  Preservatives 

-  Organoleptic 

additives  as 

colors,  flavors, 

sweeteners 

FIGURE  2.7  Additives  used  in  various  dosage  forms.  Excipients  play  a  pivotal  role  in  the  development  and 
design  of  dosage  form.  These  are  used  to  enhance  organoleptic  properties  and  also  the  formulation  of  conven¬ 
tional  and  novel  dosage  forms. 
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Antiadherents 

Reduces  the  adhesion 
between  powder  (granules) 
(talc and  starch) 


Glidants 

Promote  powder  flow  by 
reducing  interparticle  friction 
(silica,  talc) 

Fillers/diluent 

Produce  bulk  of  tablet  to 
match  with  required  strength 
(lactose,  sucrose) 


Disintegrants 

Decreases  the  disintegration 
time  for  faster  release 
(polyvinylpyrrolidone,  CMC) 


Binders 

Glues  tablet  ingredients 
together  to  avoid  separation 
(gelatin,  cellulose) 


Coating  agents 

Protect  drug  from  chemical, 
physical  exposure 
(HPMC,  MC) 


Preservatives 

Exert  a  wide  spectrum  of 
antimicrobial  activity 
(propyl  and  methyl  para  ben) 

Sweeteners 

Reduces  the  bitterness  and 
increase  patient  compliance 
(saccharin,  aspartame) 


Solubilizers 

Dissolve  the  drug  as  only 
soluble  drugs  have  an  effect 
(glycerol,  propylene  glycol) 


Colors  and  Flavors 

Improve  appearance  and 
mask  taste,  respectively 
(orange  oil,  menthol) 


FIGURE  2.8  Excipients  used  in  tablet  dosage  forms.  Tablets  are  widely  accepted  dosage  forms  and  need  dif¬ 
ferent  excipients  during  formulation  to  affect  sensory  features,  release  rate,  flowability,  and  stability. 


•  for  preservation 

•  to  enhance  patience  compliance 

•  to  increase  aesthetic  appeal 

•  to  increase  shelf  life 

•  to  prevent  contamination  and  microbial  attack 

•  to  give  a  definite  shape  and  size  to  the  dosage  form 

•  to  create  a  brand 

Figs.  2.8  and  2.9  present  various  excipients  used  in  tablet  dosage  forms  and  capsule  dos¬ 
age  forms  respectively,  as  a  representation  of  the  most  explored  classes  of  solid  dosage 
forms  from  an  economic  perspective. 

2.2. 1.1  Antiadherent  and  Lubricants 

These  decrease  friction  at  the  die  wall  by  forming  a  film  of  low  to  very  low  shear 
strength  at  the  interface  between  the  die  cavity  or  mold  and  the  mass  that  has  been  added 
to  it.  This  decreases  sticking  and  adherence  to  the  machinery  and  helps  in  the  release  from 
the  equipment  with  no  or  minimal  friction  and  breakage. 

This  also  prevents  formation  of  film  on  the  pistons  during  tablet  manufacturing  and 
adhesion  of  powders  to  the  metallic  surfaces.  The  use  of  antiadherents  prevents  the  forma¬ 
tion  of  plugs  or  if  the  plugs  are  formed  they  are  loose  or  have  low  mechanical  strength. 
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Shell  material 

Absorbents 

Antidusting  Agents 

Form  the  capsufe  body  to  fill 
required  material 
(Gelatin  (Type  A  and  B)) 

Prevent  degradation  of 
hygroscopic  material 
(light  magnesium  oxide) 

Prevent  dusting  that  results 
from  automatic  capsuling 
(Inert  edible  oils) 

Plasticizers 

Stabilizers 

Imparts,  softness,  elasticity 
hardness  to  capsule  shell 
(Glycerol  (85%  &  98%)) 

Prevent  clumping  and  sticking 
of  granules  on  punches 
{ Polyethylene  glycol ) 

Fillers/diluents 

Antimicrobial  agents 

Ensure  regular  flow  of 
powder  in  automatic  capsule 
machine  (Sucrose,  Lactose) 

Preserve  the  capsule  shell 
and  filled  content  (solid/liqutd) 
(Propylene  paraben) 

Di  si  nteg  rants 

Solubility  enhancers 

Polymers 

Increases  disintegration  rate  of 
filled  content  to  up  the  action 
(Sodium  cross  met  lose) 

Solubilize  the  drug  as  onfy 
soluble  drugs  have  an  effect 
(Polysorbate  80) 

Control  the  rate  of 
dissolution  of  drug  candidate 
(HPMC) 

FIGURE  2.9  Excipients  used  in  capsule  dosage  forms.  Capsules  are  unit  dosage  forms  that  encase  the  drug 
and  excipients  in  a  shell,  which  itself  requires  different  additives  to  make  it  stable,  smooth,  and  less  brittle. 


and  hence,  can  be  easily  broken  down.  The  lubricants  may  be  water  soluble  or  water 
insoluble  in  nature.  An  example  includes  magnesium  stearate,  which  is  the  most  com¬ 
monly  used  antiadherent  at  a  concentration  of  0.5%  —  5%.  Stearic  acid  is  also  used  but  it 
is  less  effective  than  magnesium  stearate  and  mostly  used  along  with  it.  In  combination, 
talc,  glyceryl  behenate,  and  sodium  stearate  fumarates  are  also  used  as  lubricants 
(Li  and  Wu,  2014). 


2.2. 1.2  Binders 

Most  of  the  APIs  are  added  to  the  formulations  in  an  amount  that  renders  them 
unsuitable  for  compaction.  Additives  may  be  added  to  enhance  this  property  but  due  to 
their  small  size,  the  intermolecular  attraction  is  not  sufficient  enough  to  decrease  the  vol¬ 
ume  occupied.  Thus,  the  size  of  the  dosage  form  will  be  greater.  This  decreases  patient 
compliance  as  it  becomes  difficult  to  ingest  such  a  dosage  form.  Handling  during  and  post 
formulation  is  also  difficult  if  the  size  of  the  product  is  larger,  leading  to  an  increase  in  the 
production  and  storage  charges.  Powders  are  difficult  to  handle  for  the  following  reasons: 

•  have  small  size 

•  flow  property  is  poor 

•  poor  cohesiveness 

•  occupy  more  bulk 

•  chances  of  contamination  are  high 

•  the  powders  fly,  causing  dust  pollution 
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•  powders  also  trap  air,  which  is  difficult  to  remove 

•  chances  of  ingestion  upon  inhalation 

•  dust  accumulation  in  the  instruments  and  the  surrounding  area 

•  further,  stability  is  also  an  issue 

Hence,  binders  are  added  to  the  powders  that  decrease  surface  area,  increase  cohesive¬ 
ness,  and  improve  flow  properties  of  the  powdered  raw  materials.  Thus,  binders  are  the 
agents  used  to  give  a  definite  shape  and  size  to  the  powder  ingredients  to  get  a  product 
having  the  required  flow  properties.  Binders  also  remove  this  entrapped  interstitial  air 
and  improve  the  hardness  of  the  tablet  formulation  and  decrease  friability  (Mattsson, 
2000).  When  binders  are  added  to  a  powder  blend,  granules  are  obtained. 

The  binders  may  be  classified  as: 

•  natural  gums  such  as  gum  acacia,  gum  tragacanthins 

•  semisynthetic  and  synthetic  gums  and  polymers  such  as  carboxymethylcellulose, 
hydroxypropyl  methylcellulose,  polyvinyl  pyrrolidines 

•  sugars  and  cellulose  derivatives  such  as  starch  paste,  glucose,  polyethylene  glycols 

•  inorganic  minerals  such  as  bentonite 

•  solvents  such  as  isopropyl  alcohols,  ethanol 

•  miscellaneous  products  like  gelatin,  Eudragits 

It  is  to  be  noted  that  the  binders  can  also  be  used  as  disintegrants  when  in  the  dry  state. 
Hence,  the  binders  are  typically  used  after  getting  a  solution  or  dispersion  in  suitable  media. 
For  example,  starch  powder  as  dry  powder  acts  as  a  disintegrant  but  when  used  as  an  aque¬ 
ous  dispersion  in  the  form  of  paste  is  one  of  the  most  popular  and  widely  used  binders  in 
tablet  formulations  (Patel  et  al.,  2011).  Table  2.3  lists  examples  of  binders. 


TABLE  2.3  Example  of  Binders  Used  as  a  Pharmaceutical  Excipient 


Name 

Generally  Used 
Concentration  (%  w/v) 

The  Maximum  Concentration  Used 
With  Respect  to  Total  Weight 
of  the  Formulation  (%  w/w) 

Bentonite 

Up  to  25 

8-10 

Carboxy  methyl  cellulose 

5-10 

1-5 

Eudragit  aqueous  solution 

2-8 

2-5 

Gum  acacia 

10-20 

2-5 

Gum  tragacanth 

10-15 

1-4 

Glucose 

50 

25 

Hydroxy  propyl  methyl  cellulose 

2-10 

1-5 

Polyvinyl  alcohol 

5-20 

2-5 

Sorbitol 

10-25 

2-10 

Starch  paste 

5-10 

5-10 

The  use  of  ingredients  as  binders  is  specifically  related  to  the  concentration  in  which  they  are  used  for  which  a  range  is 
mentioned.  Within  this  range,  their  binding  action  is  significant  and  shows  no  adverse  effect  on  the  formulation  parameters. 
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2.2.1. 3  Disintegrants 

2.2.1.3.1  CHARACTERISTICS  OF  DISINTEGRANTS 

These  are  the  agents  that  help  the  tablet  to  break  into  its  components,  which  may  be 
granules  or  powder.  These  substances  are  used  alone  or  in  combination  with  others  to 
facilitate  dispersion  and  breakup  of  tablet/ capsules  or  other  solid  dosage  forms  into  their 
basic  components  for  faster  dissolution  upon  coming  in  contact  with  the  dissolution /aque¬ 
ous  medium.  These  act  by  any  of  the  following  three  mechanisms: 

•  taking  up  a  large  quantity  of  water,  which  causes  swelling  to  many  times  their  original 
weight,  thus  the  tablet  breaks,  as  seen  with  sodium  alginate 

•  may  take  up  water  and  produce  air  bubbles,  which  while  escaping  will  break  the  tablet 
as  seen  with  cross  carboxymethylcellulose 

•  may  cause  solubilization  of  water-soluble  ingredients,  thus  breaking  the  intermolecular 
attractive  forces  and  causing  the  tablet  to  disintegrate  as  seen  with  surfactants 

These  are  used  in  the  formulation  of  immediate  release  dosage  forms.  They  are  added 
to  the  powder  blend  that  is  meant  for  compression  (wet/direct  compression)  or  may  be 
added  to  granule  prior  compression  (intragranular).  For  best  action,  the  disintegrants  in 
immediate  release  dosage  forms  are  added  50%  +50%  where  50%  of  the  agent  is  added 
intragranularly  and  the  remaining  50%  is  added  extragranularly  in  the  final  dry  mix.  The 
disintegrants  may  be  natural  or  synthetic  in  origin.  Natural  disintegrants  include  enzymes, 
starches  and  celluloses,  gums,  inorganic  clays,  and  swelling  agents.  Synthetic  disintegrants 
include  surfactants,  starch  derivatives,  and  various  polymers  (Desai  et  al.,  2016). 

Starches  and  celluloses  are  most  widely  used  disintegrants  as  these  are  easily  available, 
and  can  be  modified  to  suit  the  compressibility  and  flowability.  The  starches  are  white  to 
off-white  in  color,  and  hence  blend  with  other  excipients  and  are  pharmaceutically  elegant. 
These  act  by  absorbing  water  many  times  their  weight  (up  to  20  times)  because  of  water 
channeling  characteristics  and  disintegrating.  Natural  swelling  agents  such  as  alginates 
have  good  water  absorbing  capacity,  hence,  take  up  a  large  quantity  of  water  to  swell 
forming  a  gel  and  then  disintegrating  (Shokri  and  Adibkia,  2013). 

Enzymes  such  as  cellulases,  diastases,  etc.,  are  also  used  as  disintegrants,  but  due  to  their 
unstable  nature  are  now  not  widely  used.  Also,  the  enzymes  are  highly  specific  and 
depend  on  the  type  of  other  excipients  that  are  used.  Natural  gums,  both  soluble  and  insol¬ 
uble  gums,  are  used  as  disintegrants,  and  when  used  dry  exhibit  a  disintegrant  property. 

Inorganic  clays  such  as  kaolin  and  bentonite  are  used  along  with  the  swelling  agents. 
The  imbibition  of  water  is  better  with  the  clays,  hence  penetration  in  water  is  good.  The 
major  problem  with  the  clays  is  their  color,  which  may  decrease  pharmaceutical  elegance 
of  the  final  product  (Hoashi  and  Takeuchi,  2015). 

Acids  such  as  citric  acid  and  tartaric  acids  react  with  bicarbonate  (sodium  bicarbonate/ 
potassium  bicarbonates)  to  produce  gas  bubbles  of  carbon  dioxide  upon  coming  in  contact 
with  aqueous  environment  or  when  these  weaker  acids  come  in  contact  with  gastric  acid 
(pH  1.2),  behave  as  bases  and  produce  effervescence,  leading  to  disintegration  of  the  solid 
dosage  form.  Surfactants  such  as  sodium  lauryl  sulfate  increase  wetting  and  are  used  in 
association  with  other  disintegrating  agents.  But,  these  cause  irritation  to  the  gastric  mucosa, 
hence  are  used  with  caution.  Polymers  are  synthetic  substances  chiefly  of  cellulosic  origin. 
Other  agents  that  are  used  for  disintegration  include  resins  (Vijayalakshmi  et  al.,  2013). 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


2.2  EXCIPIENTS  USED  IN  DIFFERENT  DOSAGE  FORMULATIONS:  ROLE  IN  PRODUCT  DEVELOPMENT  49 

2.2.1.3.2  FACTORS  AFFECTING  THE  ACTION  OF  DISINTEGRANTS 

The  disintegrants  help  in  the  fast  breakdown  of  the  dosage  form  in  the  stomach  upon 
ingestion  so  that  the  active  ingredient  becomes  bioavailable  and  is  readily  absorbed.  The 
factors  that  affect  the  action  include: 

•  the  disintegrating  agents  must  be  completely  dry 

•  good  water  absorbing  property 

•  inert 

•  stable 

•  compatible 

•  swellable 

•  ease  of  availability  and  use 

•  colorless,  odorless 

•  good  compressibility 

•  poor  water  solubility  (Kumar) 

Moreover,  superdisintegrants  are  the  agents  used  for  the  preparation  of  mouth 
dissolving  tablets,  dispersible  tablets,  or  fast  dissolving  tablets.  These  are  used  at  a 
lower  concentration  as  compared  with  the  simple  disintegrants  (about  1%— 10%  by 
weight  with  respect  to  the  total  weight  of  the  formulation).  The  mechanism  of  disin¬ 
tegration  shown  in  Table  2.4  represents  some  examples  of  commonly  employed 
disintegrants. 


TABLE  2.4  Examples  of  Superdisintegrants  Commonly  Used  in  Pharmaceutical  Formulations 


Common  Name 

Full  Name 

Chemical  Details 

Marketed/Brand  Name 

SSG 

Sodium  starch  glycolate 

Sodium  carboxymethyl  starch 

Primogel 

Glycolys 

Explotab 

Vivastar  P 

Cross  CMC 

Croscarmellose  sodium 

A  chemically  modified  derivative 

Ac  Di  Sol 

of  cellulose  formed  by  its  reaction 
with  alkali  and  chloroacetic  acid 

Primellose 

Solutab 

Vivasol 

Cross  PVP 

Cross  povidone 

The  polymer  of  vinyl  pyrrolidone 

Kollidon 

Kollicoat 

Cross  alginic  acid 

Crosalginic  acid 

Alginic  acid 

Satialgine 

Emcosoy 

Emcosoy 

Soy  derivative /polysaccharide 

Emcosoy 

Superdisintegrants  are  products  of  simple  natural  or  synthetic  pharmaceutical  products  but  modified  in  such  a  manner  so  that 
their  swelling  nature  is  enhanced  which  helps  in  significant  water  uptake  and  helps  in  disintegration  upon  reaching  the 
required  site. 
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Furthermore,  superdisintegrants  may  be  of  the  following  types  (Mangal  et  al.,  2012): 

•  Natural :  These  are  obtained  from  natural  sources  such  as  from  the  sea.  Example:  alginic 
acid  and  its  derivatives. 

•  Semisynthetic:  These  are  the  natural  substances  that  have  been  modified  to  get 
semisynthetic  derivatives  for  improved  performance.  Example:  croscarmellose, 
L-hydroxy  propyl  cellulose. 

•  Synthetic:  These  are  the  disintegrants  that  have  been  prepared  synthetically  to  get  the 
desired  properties.  Example:  crospovidone. 

2.2.1.4  Fillers 

These  are  also  known  as  diluents  and  bulk  additives.  The  fillers  are  added  to  the  drug 
to  increase  the  weight  of  the  final  formulation  and  enhance  cohesion,  flow  properties,  and 
shape  of  the  desired  dosage  form.  Examples  of  common  diluents  include  starch,  dicalcium 
phosphate,  dextrose,  calcium  carbonate,  etc.  The  diluents  are  selected  based  on  certain 
parameters  (Chaudhari  and  Patil,  2012); 

•  inert  nature 

•  economy  and  cost 

•  organoleptic  properties 

•  moisture  content  and  uptake 

•  compactness 

•  compatibility  with  drug  and  other  additives 

•  binding  ability 

•  hardness  and  friability 

•  swelling  properties 

•  disintegration  behavior 

•  resistance  toward  microbial  growth 

•  stability 

2.2.1.4.1  SUGARS 

These  are  widely  used  in  the  preparation  of  solid  dosage  formulations  due  to  their  low 
cost,  high  availability,  various  derivatives,  good  organoleptic  properties,  inert  nature,  and 
high  compressibility.  But,  these  also  offer  various  disadvantages  such  as  (Deshmukh,  2012): 

•  high  susceptibility  toward  microbial  growth 

•  high  hygroscopicity 

•  high  hydrophobicity  as  well  if  size  is  too  low 

•  not  suitable  for  diabetic  patients 

•  poor  stability 

2.2.1.4.2  LACTOSE 

The  most  common  sugar  that  is  used  as  filler  is  lactose.  It  is  available  as  anhydrous  lac¬ 
tose,  which  is  powdery,  and  in  other  forms  as  spray  dried  lactose,  which  is  granulated 
and  helps  in  direct  compression.  It  is  also  available  in  various  sizes  as  a  fine,  coarse,  regu¬ 
lar,  and  large  powder.  It  is  a  white  crystalline  powder  that  is  light  yellow  to  off-white  in 
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TABLE  2.5  Excipients  Used  in  Liquid  Dosage  Forms  With  Examples 


Excipients  Used  in  the 

Liquid  Dosage  Form  Examples 


Solvents 

Cosolvents 

Sequestering  agents 

Buffers  and  buffering 
agents 

Flavoring  agents 

Suspending  agents 
Emulsifying  agents 

Wetting  agents 

Flocculating  agents 
Surfactants 
Antifoaming  agent 

Propellants 


Tonicity  modifiers 
Hydrocolloids 


Water,  alcohol,  ethanol,  70%  ethyl  alcohol,  glycol,  glycerol  propylene,  oils  (fixed 
oils,  mineral  oils,  paraffin) 

Water,  ethanol,  glycerin,  propylene  glycol,  glycofural,  polyethylene  glycols  and 
sorbitol 

Tetrasodium  phosphates,  sodium  hexametaphosphate,  disodium  EDTA,  tripoly 
sodium  phosphate,  organophosphonic  acids 

Buffers:  citric  acid  and  sodium  citrate  buffer,  boric  acid,  and  sodium  borate  buffer 

Buffering  agents:  citrate,  carbonate,  phosphate  salts,  and  tartrate 

Menthol,  camphor  oil,  eucalyptus  oil,  sandalwood  oil,  essential  oils,  oleoresins, 
synthetic  sweeteners,  lactones,  methyl  salicylate,  vanillin 

Methylcellulose,  kaolin,  gelatin,  HPMC,  carbopol,  bentonite,  tragacanth 

Polymers  (Spans  and  Tweens),  sodium  lauryl  sulfate,  sodium  dioctyl  sulfosuccinate, 
and  tragacanth 

Sodium  lauryl  sulfate  methylcellulose,  acacia,  pectin,  polysorbate  80,  poloxamers, 
Pluronics,  gelatin,  Veegum 

Aluminum  chloride  and  electrolytes 

Sorbitan  monooleate  and  polyoxyethylene  sorbitan  monooleate 

Cetostearyl  alcohol,  ether,  insoluble  oils  (castor  oil),  stearates,  glycols, 
polydimethylsiloxanes  and  other  silicones  derivatives 

Chlorofluorocarbons,  fluorocarbons  (trichloro  monofluoromethane, 
dichlorodifluoromethane),  hydrocarbons  (propane,  butane,  isobutane), 
hydrochlorofluorocarbons  and  hydrofluorocarbons,  inert  gases  (nitrogen,  N02,  C02) 

Dextrose,  sodium  chloride,  mannitol,  potassium  chloride 

Agar,  acacia,  gelatin,  tragacanth,  HMC,  CMC,  methylcellulose,  carbopol,  polyox 


Liquid  dosage  forms  are  used  for  oral,  parenteral,  and  topical  applications  and  for  which  the  solubility  uniform  distribution  of 
drug(s)  and  excipients,  along  with  stability  is  a  prime  focus.  Hence  different  additives  are  used  to  get  the  most  stable  and 
effective  formulation. 


color  but  tends  to  convert  to  brown  on  long-term  storage,  especially  at  elevated  tempera¬ 
tures  (Tables  2.5 -2.8). 

Lactose  is  obtained  from  whey  by  the  process  of  crystallization  at  a  temperature  below 
93°C— 100°C.  It  offers  various  advantages: 

•  cheap  and  economical 

•  readily  available 

•  available  in  various  varieties 

•  good  compressibility 

•  good  compatibility 
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TABLE  2.6  Classification  of  Emulsifying  Agents 


Types  of 

Emulsifying 

Classification 

Agents 

Examples 

On  the  basis  of  chemical 

Natural 

Acacia,  tragacanth,  agar 

structure 

Synthetic  Cationic 

Benzalkonium  chloride,  benzethonium  chloride 

Anionic 

Alkali  soaps  (sodium  or  potassium  oleate),  amine  soaps 
(triethanolamine  stearate),  detergents  (sodium  lauryl  sulfate, 
sodium  dioctyl  sulfosuccinate,  sodium  docusate) 

Nonionic 

Sorbitan  esters  (spans),  polyoxyethylene  derivatives 
of  sorbitan  esters  (tweens),  glyceryl  esters 

Semisynthetic 

Methylcellulose,  carboxymethylcellulose 

Finely  dispersed  solids 
(clays) 

Bentonite 

Auxiliary  agents 

Cetyl  alcohol,  glyceryl  monostearate,  stearic  acid,  sodium 
carboxymethylcellulose 

On  the  basis  of  the 

Monomolecular 

Sorbitan  monooleate,  polyoxyethylene  sorbitan  monooleate 

mechanism  of  action 

Multimolecular 

Acacia,  gelatin 

Solid  particle  films 

Bentonite,  veegum 

Surfactants 

Sodium  lauryl  sulfate,  cetrimide.  Spans 

Emulsifying  agents  are  used  to  stabilize  and  produce  an  emulsion.  Based  on  their  chemical  nature,  these  offer  a  negative  or 
positive  charge  to  the  surface,  prevent  aggregation,  and  ensure  uniform  distribution  of  the  phases. 


•  inert  nature 

•  good  flow  properties 

•  acceptable  organoleptic  properties 

Though  it  has  various  disadvantages  as  well,  which  are  related  to  its  instability  at  alka¬ 
line  and  acidic  pH,  and  change  of  color.  Lactose  is  also  not  compatible  with  amine  drugs 
and  turns  to  yellowish  brown  on  contact.  The  monohydrate  form  of  lactose  loses  moisture 
upon  storage  and  becomes  brittle  and  makes  the  formulation  friable  (Kubbinga  et  al.,  2014). 


2.2.1.4.3  DEXTROSE 

It  is  used  along  with  lactose  due  to  its  sweet  taste.  It  is  available  in  an  anhydrous  and 
hydrous  form  and  is  white  in  color.  It  offers  a  sweet  taste,  easy  availability,  and  good  sta¬ 
bility,  but  it  has  certain  disadvantages  such  as  (Nyol  and  Gupta,  2013): 

•  not  useful  for  diabetic  patients 

•  poor  flow  properties 

•  loses  or  gains  moisture  upon  storage 

•  poor  compressibility 

•  hardens  upon  storage 
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TABLE  2.7 

Classification  of  Surfactants 

Type  of 
Surfactants 

Properties 

Examples 

Anionic 

surfactants 

Hydrophilic  region  is  negatively  charged,  that  is, 
anionic 

Alkali  metal  and  ammonium  soaps:  sodium 
oleate 

Soaps  of  divalent  metals:  Ca.  stearate 

Amino  soaps:  triethanolamine  oleate 

Alkyl  sulfates:  sodium  lauryl  sulfate 

Cationic 

surfactants 

Hydrophilic  region  is  positively  charged,  that  is, 
cationic 

Cetyl  trimethyl  ammonium  bromide 
(cetrimide),  C.T.P.B. 

Nonionic 

surfactants 

Consisting  of  a  hydrophilic  head  group  and  a 
hydrophobic  tail  without  any  charge 

Glyceryl  ester:  glyceryl  monostearate 

SPANS:  sorbitan  esters  of  fatty  acids 

TWEENS:  polyoxyethylene  sorbitans 

Macrogols:  polyethylene  glycols 

Macrogol  ethers:  cetomacrogol 

Amphoteric 

surfactants 

Exhibit  pH-dependent  behavior;  for  acidic  solutions, 
the  molecule  acquires  a  positive  charge  and  behaves 
like  a  cationic  surfactant,  whereas  in  alkaline 
solutions  it  becomes  negatively  charged  and  behaves 
like  an  anionic  one 

Lecithin,  miranols 

Surfactants  tend  to  reduce  the  surface  tension  of  the  substance  in  which  it  is  dissolved  and  ensure  stability  and  uniform 
distribution  of  constituting  ingredients.  Depending  on  the  presence  or  absence  of  charge  on  them,  these  may  be  anionic,  cationic, 
neutral,  or  amphoteric  in  nature. 


2.2.1.4.4  SUCROSE 

It  is  a  sugar  that  is  available  as  a  crystalline  powder  in  various  varieties  in  association 
with  other  ingredients  as  dextrins,  starches,  and  magnesium  stearate,  etc.  It  has  the  follow¬ 
ing  advantages: 

•  sweet  taste 

•  good  compressibility 

•  binding  properties 

•  provides  sufficient  hardness  to  the  formulation 

•  available  in  various  grades  and  sizes 

Certain  disadvantages  are  associated  with  this  excipient  due  to  its  sweet  nature  and 
conversion  to  glucose  upon  hydrolysis,  hence  it  is  unsuitable  for  use  in  patients  suffering 
from  diabetes  (Cumming  and  Ramtoola,  2012). 


2.2.1.4.5  MANNITOL 

It  is  a  sugar  derivative  that  is  crystalline,  white,  odorless,  and  inert  in  nature.  It  is  avail¬ 
able  in  powdered  form,  granular  state,  and  in  fused  form.  The  flow  properties  of  mannitol 
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TABLE  2.8  Different  Categories  of  Propellants 


Types  of  Propellants 

Examples 

V.P.  @70°F 
(Psia)a 

Liquid/Gas  Density 
@70°F  (g/mL) 

Chlorofluorocarbon  (CFC)  propellants 

T  richloromonof  luoromethane 

13.4 

1.485 

Dichlorodifluoromethane 

84.9 

1.325 

Dichlorotetrafluoroethane 

27.6 

1.468 

Hydrochlorofluorocarbons  (HCFC)  and 

Chlorodifluoromethane 

-  135.7 

1.21 

Hydrofluorocarbons  (HFC)  propellants 

T  rif  luoromonof  luoroethane 

85.8 

1.21 

Chlorodifluoroethane 

43.8 

1.12 

Difluoroethane 

76.4 

0.91 

Heptafluoropropane 

57.7 

1.41 

Hydrocarbon  propellants 

Propane 

124.7 

0.50 

Isobutane 

45.1 

0.56 

Butane 

31.2 

0.58 

Inert  gases 

Nitrogen 

492 

0.97 

Nitrous  oxide 

735 

1.53 

Carbon  dioxide 

852 

1.53 

a Pounds  per  square  inch. 

Propellants  are  the  substances  that  tend  to  propel  something  and  pharmaceutical  propellants  are  generally  compressed  liquids 
or  gases. 


are  poor  hence  it  is  fused  with  glidants  and  lubricants  that  enhance  its  flow  properties. 
Mannitol  is  nonhygroscopic  in  nature  and  offers  good  compressibility.  The  cooling  sensa¬ 
tion  provided  by  it  in  the  mouth  is  an  added  advantage. 

Disadvantages  associated  with  this  filler  include: 

•  poor  flow  properties 

•  expensive 

•  not  suitable  for  diabetic  patients 

Then,  there  are  miscellaneous  sugars  and  their  derivatives  such  as  sorbitol,  amylase, 
inositol,  etc.  Polysaccharides  such  as  starches  and  their  derivatives,  celluloses,  are  also 
used  as  fillers  (Ohrem  et  al.,  2014). 

2.2.1.4.6  STARCH  AND  ITS  DERIVATIVES 

Starch  is  obtained  from  a  natural  source  as  maize,  corn,  potato,  etc.  These  offer  cheaper 
and  readily  available  alternatives,  which  are  useful  both  as  binders  and  disintegrants. 
Starch  has  certain  disadvantages,  such  as: 

•  poor  compressibility 

•  poor  hardness 

•  high  moisture  content 
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Chances  of  contamination  and  bacterial  growth  make  these  substances  difficult  to  use. 
To  modify  compressibility  of  starches  its  derivatives  are  prepared  by  chemical  modifica¬ 
tion  or  mixing  it  with  other  ingredients.  Various  examples  include  (Shokri  and  Adibkia, 
2013): 

•  hydrolyzed  starch  such  as  maltose 

•  Celutab,  which  is  partially  hydrolyzed  starch  with  90%  dextrose 

•  Sta-Rx  1500,  which  is  a  corn  starch  derivative 

2.2.1.4.7  CELLULOSES 

These  are  powdery  derivatives  of  high-grade  edible  celluloses  and  are  widely  used  in 
solid  dosage  forms.  Many  varieties  are  available,  which  are  prepared  by  partial  or  com¬ 
plete/  controlled  hydrolysis  to  get  hydroxyl  propyl  cellulose,  hydroxyl  propyl  methyl  cel¬ 
lulose,  ethyl  cellulose,  etc.  (Shokri  and  Adibkia,  2013). 

2.2.1.4.8  INORGANIC  COMPOUNDS 

When  substances  such  as  starches  and  sugars  are  used,  the  major  problem  associated  is 
microbial  contamination  and  growth.  Also,  these  substances  are  glucogenic  (i.e.,  they  pro¬ 
duce  glucose  upon  metabolism)  in  nature.  Hence,  inorganic  substances  are  used  such  as 
dicalcium  phosphate,  magnesium  oxide,  magnesium  carbonate,  calcium  carbonate,  kaolin, 
calcium  phosphate,  dicalcium  phosphate,  calcium  sulfate,  etc.  All  these  except  calcium 
compounds  exhibit  good  compatibility.  The  calcium  products  show  binding  with  different 
types  of  antibiotic  products.  Further,  these  compounds  are  nonhygroscopic  and  offer  good 
compressibility  (Hughey  et  al.,  2013). 

2.2. 1.5  Flavoring  Agents 

These  are  the  organoleptic  additives  used  to  enhance  the  elegance  and  aesthetic  appear¬ 
ance  of  the  formulation.  The  solid  dosage  forms  such  as  conventional  tablets,  dispersible 
tablets,  and  fast  dissolving  tablets  require  organoleptic  ingredients  to  be  added  to  the  for¬ 
mulation.  Flavoring  agents  are  added  to: 

•  increase  patient  compliance 

•  improve  elegance 

•  mask  unpleasant  taste 

•  complement  color  and  sweeteners 

•  help  in  providing  identity  to  the  formulation 

There  are  basically  four  taste  sensations  perceived  and  felt  by  humans  and  these  are 
salty,  sweet,  bitter,  and  sour.  The  flavoring  agents  are  added  to  comply  with  one  or  a  com¬ 
bination  of  these  basic  flavors  to  get  the  desired  feel.  The  examples  of  flavoring  agents 
used  in  solid  dosage  forms  include  (Kalyan  and  Bansal,  2012): 

•  bitters /bitter  flavors  can  be  obtained  using  anise,  mint,  or  chocolate 

•  sour  flavors  include  citrus  fruits  such  as  berries,  orange,  lemon 

•  sweet  flavor  is  obtained  using  fruits,  sugars 

•  salty  flavor  is  enhanced  using  butterscotch,  vanilla,  peach 
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2.2.1. 6  Sweeteners 

These  are  added  to  oral  preparations  to  mask  the  taste  of  salty  and  bitter  drugs  and/or 
excipients.  Patient  compliance  can  be  significantly  improved  by  the  addition  of  sweetening 
agents.  The  sweeteners  may  be  natural  or  artificial  in  origin. 

Sucrose,  a  natural  sweetener,  is  the  most  common  low-cost  sweetener  used  in  solid  dos¬ 
age  formulations  as  it  is  easily  available,  purifiable,  and  is  available  in  different  shapes 
and  sizes  as  powder,  small  or  large  granules,  etc.  But,  it  is  not  used  for  health  conscious 
and  diabetic  patients  because  of  its  glycogenic  nature.  It  improves  the  compression  prop¬ 
erty  of  the  tableting  blend.  Other  natural  sweeteners  that  are  used  include  mannitol,  sorbi¬ 
tol,  honey,  and  stevia.  Natural  sweeteners  are  less  sweet  compared  with  artificial 
sweetening  agents.  Hence,  the  artificial  sweeteners  are  also  known  as  intense  sweeteners 
(Ahire  et  al.,  2012). 

Aspartame,  an  artificial  sweetener,  is  about  200  times  sweeter  than  sucrose  and  leaves 
no  bitter  aftertaste  in  the  mouth  upon  use.  Chemically  it  is  methyl  ester  of  phenylalanine 
and  aspartic  acid.  It  is  highly  water  soluble  in  nature  so  its  use  ensures  uniform  availabil¬ 
ity  in  the  dosage  form.  Its  stability  is  good  but  is  found  to  be  toxic  to  use  in  lactating  and 
pregnant  females.  Also,  it  may  cause  a  medical  condition  called  phenylketonuria,  which  is 
a  condition  that  occurs  due  to  increased  concentration  of  phenylalanine  in  the  blood  and 
can  cause  mental  disorders  (Yadav  et  al.,  2012). 

Saccharin,  which  is  a  water-soluble  chemical  and  physically  and  chemically 
stable  compound,  was  also  until  recently  but  it  was  found  to  be  highly  carcinogenic  in 
nature.  It  does  not  undergo  metabolism  in  the  body  and  is  excreted  rapidly  and 
unchanged  in  urine.  It  is  about  500  times  sweeter  than  sucrose  but  offers  bitter  aftertaste 
upon  oral  ingestion. 

Other  artificial  sweeteners  that  are  used  include  xylitol,  which  is  sugar  alcohol,  colorless 
to  white  solid;  sucralose,  which  is  a  colorless  sweetener  derived  from  sucrose  and  about 
650  times  sweeter  than  its  parent  compound;  and  neotame,  which  is  about  13,000  times 
sweeter  than  sucrose  without  a  bitter  or  metallic  aftertaste  (Prasad  et  al.,  2013). 

2.2.1.7  Coloring  Agent 

Colors  or  coloring  agents  are  the  solid  dosage  form  additives  that  are  added  in  associa¬ 
tion  with  the  flavors  to  complement  their  effect  and  also  to  increase  product  elegance. 
These  also  offer  other  advantages  such  as  (Kalyan  and  Bansal,  2012): 

•  mask  poor  color  of  the  drug,  other  additives,  or  the  overall  formulation 

•  increase  appeal 

•  provide  product  identification 

•  create  differentiation  between  similar  products 

The  colors  are  obtained  from  natural  or  synthetic  sources.  Natural  colors  may  be 
obtained  from: 

Mineral  source :  Titanium  dioxide  (white  to  off-white  color),  carbon  (black/ gray  color), 
iron  salts  as  ferric  oxides  for  pink  to  red  color. 

Animal  source :  Carmine  (crimson  red  to  dark  red  color)  is  actually  carminic  acid 
obtained  from  the  female  cochineal  insect.  The  insect  contains  about  12%  of  carminic 
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acid  with  respect  to  its  total  body  weight  and  the  color  is  extracted  by  boiling  the  insect 
in  hot  water  and  then  using  the  filtered  product  if  dried.  Tyrian  blue,  also  known  as 
known  as  Tyrian  red,  royal  purple,  Tyrian  purple,  Phoenician  purple,  imperial  purple, 
or  imperial  dye,  is  a  reddish-purple  natural  dye  obtained  from  sea  snails.  This  product 
is  actually  a  secretion  of  various  species  of  sea  snails  known  as  Murex. 

Plant  source :  Various  plant  species  are  used  to  get  colors  for  solid  dosage  forms.  These 
are  relatively  economical,  widely  available,  and  harmless  to  less  toxic  in  nature. 
Examples  include  chlorophyll  (light  to  dark  bright  green)  obtained  from  leaves  of 
various  plants,  indigo  (distinct  blue  color;  a  natural  dye  extracted  from  leaves  of  the 
indigo  plant),  and  catechu  (red  to  a  brown  color),  which  is  an  extract  of  bark  or 
heartwood  of  various  species  of  acacia  tree. 

Artificial  colors  that  are  used  require  FDA  approval.  Preferably  natural  colors  should  be 
used  as  the  synthetic  colorants  are  toxic  and  have  shown  to  produce  hypersensitivity  reac¬ 
tions  (tartrazine  available  as  FDC  yellow).  The  compatibility  is  also  a  major  problem  with 
the  artificial  colors  especially  when  cationic  drugs  are  used.  A  single  color  may  be  known 
by  multiple  names  in  different  countries,  which  causes  confusion  in  use  and  identification, 
for  example,  amaranth  is  known  as  acid  red,  Bordeaux  S,  16185  (Farris,  2010). 

2.2.1. 8  Glidants 

These  are  the  substances  that  enhance  the  flow  characteristics  of  a  powder  mixture.  To 
get  the  desired  effect,  these  are  added  as  a  dry  powder  before  the  compression  process. 
The  concentration  of  glidant  to  be  added  in  the  dry  powder  blend  of  excipient  and  drug  is 
very  important  as  above  a  certain  concentration  the  glidant  may  itself  inhibit  good  flow. 
Glidants  act  by  decreasing  the  overall  surface  charge  present  on  the  blend  decreasing  fric¬ 
tion  between  particles  of  the  blend  and  filling  in  the  gaps  on  the  surface,  thus  further 
enhancing  the  rate  of  movement  and  flow.  Hence,  glidants  are  added  just  prior  to  com¬ 
pression  during  tablet  manufacture.  Examples  include  talc,  colloidal  silicon  dioxide,  mag¬ 
nesium  stearate,  and  silica  (Morin  and  Briens,  2013). 

2.2.1. 9  Sorbents 

Sorbents  are  the  substances  that  have  the  property  to  absorb  or  adsorb  liquids  or  gases. 
These  may  act  as  a  molecular  sieve  attracting  the  substance  on  the  surface.  Thus,  a  sorbent 
material  should  have  a  large  internal  surface  area  and  also  good  thermal  conductivity 
behavior. 

These  are  generally  insoluble  materials  or  material  blends  used  to  recover  liquids  by 
soaking  up  through  the  process  of  adsorption  or  absorption.  In  the  adsorption  process,  entry 
of  the  adsorbed  material  does  not  take  place  inside  the  adsorbent,  while  in  absorption,  the 
material  enters  in  the  pores  of  the  absorbent.  Sorbents  are  used  in  the  solid  dosage  form  to 
soak  oils,  uniformly  distribute  liquid  colors,  or  to  increase  the  cohesiveness  of  the  mass 
without  making  the  mixture  soggy.  Thus,  they  are  used  for  capsules  or  tablets  to  limit  fluid 
sorbing  and  making  them  moisture  proof.  The  sorbents  hold  the  excess  moisture  present  in 
the  formulation  and  decrease  the  chances  of  hydrolysis  and  microbial  attack.  Natural 
carbon-containing  materials  are  used  as  sorbents  and  examples  of  synthetic  polymers 
include  polyolefins  such  as  polypropylene  and  polyethylene  (Vlckova  et  al.,  2011). 
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2.2.1.10  Preservatives 

The  pharmaceutical  formulations  require  absolute  freedom  from  microbial,  chemical, 
and  microbial  contamination.  The  microbial  attack  on  the  formulation  changes  the  physi¬ 
cochemical  and  therapeutic  properties  of  the  formulation.  The  drugs  when  present  indi¬ 
vidually  in  the  dry  solid  state  are  stable  but  when  they  are  added  to  other  ingredients 
they  tend  to  develop  stability  issues.  Hence,  preservatives  are  added  to  prolong  the  shelf 
life  of  the  formulation  and  also  to  maintain  the  sterility  of  the  formulation  for  a  desired 
duration  (Sam  et  al.,  2012).  Examples  include: 

•  Benzyl  alcohol,  which  is  a  colorless  liquid  with  a  slight  aromatic  and  pleasant  odor.  It  is 
an  aromatic  alcohol  by  nature,  widely  used  as  a  solvent  and  an  intermediate  in  the 
cosmetic,  pharmaceutical,  and  flavor  industries.  It  can  be  obtained  both  from  natural 
resources  as  well  as  synthetically  obtained. 

•  Sodium  benzoate,  which  is  a  widely  used  food  preservative.  Chemically  it  is  sodium  salt  of 
benzoic  acid  and  does  not  dissociate  even  when  added  to  water.  It  is  normally  synthesized 
by  reacting  benzoic  acid  with  sodium  hydroxide  under  a  suitable  set  of  conditions. 

•  Benzalkonium  chloride  is  commonly  known  by  its  abbreviated  name  as  BZK,  BAC, 

BKC,  etc.  It  is  a  quaternary  ammonium  compound,  organic  in  nature  and  used  as  a 
preservative,  antimicrobial  agent  and  also  as  a  surfactant. 

•  Sorbic  acid  is  an  organic  acid.  It  is  chemically  2,4-hexadecenoic  acid,  which  is 
sublimable  and  slightly  soluble  in  water.  It  gets  its  name  from  the  source  Sorbus 
aucuparia  (rowan  tree)  from  which  it  was  originally  isolated. 

•  Parabens  are  a  class  of  preservatives  that  are  widely  used  in  pharmaceutical  dosage 
formulations,  beauty  products,  and  personal  care  products  as  well.  These  prevent  the 
growth  of  microorganisms  and  act  as  preservatives  for  the  dosage  form.  It  may  be 
methylparaben,  ethylparaben,  propylparaben,  butylparaben,  and  isobutylparaben  alone 
or  in  combination.  These  are  chemically  series  of  para  hydroxybenzoates  or  esters  of 
para  hydroxybenzoic  acid  (Allen  and  Ansel,  2013). 


2*2*2  Excipients  Used  in  the  Liquid  Dosage  Form 

In  the  case  of  liquid  oral  dosage  forms,  the  choice  of  excipient  rests  on  such  factors  as 
chemical  and  physical  compatibility  and  stability  of  the  product  along  with  ensuring 
acceptable  organoleptic  product  properties  (i.e.,  taste,  color,  consistency,  etc.).  Various  excipi¬ 
ents  are  added  used  for  the  formulation  of  ensuring  a  uniform,  stable,  elegant  formulation. 
The  International  Pharmaceutical  Excipients  Council  (IPEC)  puts  excipients  into  four  differ¬ 
ent  classes:  new  excipients,  existing  chemical  excipients  (first  use  in  humans),  existing  chemi¬ 
cal  excipients,  and  new  modifications  or  combinations  of  existing  excipients  (Chaudhari  and 
Patil,  2012).  Some  common  excipients  used  in  liquid  dosage  form  are  described  in  Fig.  2.10. 

The  selection  of  liquid  excipients  is  done  from  the  above  classes,  which  are  best 
suitable  for  the  dosage  form  under  consideration.  Also,  the  fluid  dynamics  is  considered 
to  understand  the  fluid  flow.  Similarly,  the  difference  between  solubility  and  dissolution 
helps  in  understanding  the  selection  process  of  the  excipients  for  liquid  preparations.  The 
rate  of  dissolution,  which  is  expressed  using  the  Noyes— Whitney  equation,  tells  the  satu¬ 
ration  concentration  of  the  solute  in  the  given  solvent.  Thus,  these  processes  get  affected 
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FIGURE  2.10  Excipients  used  in  liquid  dosage  forms.  Excipients  are  added  to  liquid  dosage  forms  to  impart 
suitable  morphological  properties  or  to  enhance  the  patient  compliance.  Since  liquid  dosage  forms  contain  solids 
they  require  surfactants  and  solubilizers  to  get  a  homogeneous  mixture. 


by  the  quality  of  the  solvent,  the  surface  area  available  of  the  solute,  and  also  the  time 
available  for  the  process.  The  number  of  APIs  having  low  aqueous  solubility  is  gradually 
increasing,  hence  the  formulation  of  liquid  dosage  forms  is  challenging  and  the 
suitable  and  most  useful  excipient  selection  is  required  (York,  2013). 


2.2.2. 1  Solvents 

Solvents  are  the  substances  that  are  used  to  dissolve  the  solutes  used  in  the  formulation. 
These  solutes  may  be  solids,  liquids,  or  gaseous  in  nature.  Thus,  solvents  are  used  to  get  a 
solution  upon  interacting  the  solute  with  a  suitable  solvent.  A  solvent  may  act  in  many 
ways,  depending  on  the  properties  of  the  solvent,  such  as: 

•  molecular  shape  and  size  of  the  solvent  molecule 

•  polar /nonpolar  nature 

•  the  concentration  of  the  solvent  molecules 

•  temperature 

•  pressure,  etc. 

The  drug  properties  also  affect  the  action  of  the  solvent  and  hence  selection  of  the  sol¬ 
vent  in  the  pharmaceutical  formulation  is  an  important  step  toward  getting  a  uniform  and 
stable  system.  Normally,  it  has  been  observed  that  the  solvent  properties  increase  with  the 
rise  in  temperature. 
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Most  of  the  drugs  that  are  used  in  pharmaceuticals  are  those  with  low  solubility,  hence 
solvents  are  used  significantly.  A  prediction  on  drug  solubility  is  calculated  using 
solid— liquid.  A  solvent  may  be  solid,  liquid,  or  gas,  but  it  is  usually  a  liquid  for  liquid 
pharmaceutical  preparations  (Hirshfield  et  al.,  2014). 

Solvents  are  broadly  classified  as: 

1.  Based  on  their  affinity  toward  the  water 

a.  Polar 

b.  Nonpolar 

2.  Based  on  their  miscibility  with  water 

a.  Water-miscible 

b.  Water-immiscible 

3.  Based  on  their  origin 

a.  Natural 

b.  Synthetic 

There  are  various  parameters  that  affect  the  process  of  solubility  and  the  selection  of  a 
suitable  solvent  for  the  design  of  liquid  dosage  form  that  include  polarities  of  solute  and 
solvent,  thermodynamics  of  the  process  of  dissolution,  temperature  of  the  set-up,  pKa  and 
ionization  of  solute  and  solvent,  pH  of  the  system  under  study,  and  also  on  the  nature  of 
solute  and  solvents.  Dissolution  is  a  thermodynamically  favorable  process  and  is  required 
so  that  the  solute  is  dissolved  in  a  solvent.  When  the  solvent  is  polar  in  nature,  then 
solutes  that  are  polar  in  nature  will  be  attracted  more  as  compared  with  the  solutes  that 
are  compatible  that  are  nonpolar  in  nature.  Hence,  it  is  observed  that  when  the  molecular 
surface  size  of  the  solute  is  more,  the  solubility  is  less  in  polar  solvents.  Generally  used 
solvents  in  liquid  dosage  forms  are  water,  alcohol,  ethanol  (94.9%— 96%),  70%  ethyl  alco¬ 
hol,  propylene  glycol,  glycerol,  oils  (fixed  oils,  mineral  oils,  paraffin),  etc.  (Kerton  and 
Marriott,  2013;  Grodowska  and  Parczewski,  2010). 

2.2.2.2  Cosolvents 

Cosolvents  and/or  cosurfactants  are  often  needed  to  make  the  primary  surfactant 
sufficiently  soluble.  They  improve  solubility  and  miscibility  between  nonmiscible  phases,  as 
determined  by  a  solute  dissolved  in  an  organic  solvent  but  insoluble  in  water.  A  cosolvent 
that  is  miscible  in  both  phases  and  also  able  to  dissolve  the  solute  is  added  to  form  a  homo¬ 
geneous  solution  of  water,  an  organic  solvent,  and  other  substances.  Use  of  cosolvent 
enhances  the  chemical  stability  of  the  formulation.  A  cosolvent  should  be  nontoxic  and  nonir¬ 
ritant  when  administered  for  oral  or  parenteral  formulations  and  it  should  possess  values  of 
dielectric  constant  between  25  and  80.  The  most  commonly  used  cosolvent  system  that  covers 
this  range  is  a  water— ethanol  blend.  Commonly  used  cosolvents  include  water,  glycerin,  pro¬ 
pylene  glycol,  ethanol,  sorbitol,  polyethylene  glycols,  and  glycofural  (Chaudhary  et  al.,  2012). 

2.2.2. 3  Sequestering  Agents 

These  substances  are  added  to  bind  the  trace  amounts  of  heavy  metals,  in  nonionizable 
forms  to  prevent  catalytic  degradation  in  formulations  and  form  chelate  complexes.  These 
are  either  filtered  out  of  the  water  or  the  metals  are  turned  into  water-soluble  salts,  which 
are  absorbed  by  water.  Metal  deposits  can  stain  surfaces  and  even  cause  pitting  or  scaling; 
sequestering  agents  help  prevent  those  conditions.  Certain  organic  compounds  are  capable 
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of  forming  coordinate  bonds  with  metals  through  two  or  more  atoms  of  the  organic  com¬ 
pound;  such  organic  compounds  are  known  as  chelating  or  sequestering  agents.  Sequestering 
agents  chelate  the  offending  metal  ions  under  the  given  condition  and  form  a  stable  complex 
that  does  not  decompose  over  a  prolonged  processing  time  period.  Generally  used  sequester¬ 
ing  agents  include  tetrasodium  phosphates,  sodium  hexametaphosphate,  tripoly  sodium 
phosphate,  organophosphonic  acids,  disodium  EDTA,  etc.  (Colzani  et  al.,  2016). 

2,2,2  A  Buff ers  and  Buffering  Agents 

Buffering  agents  are  the  weak  acid  or  base  added  to  maintain  the  required  pH  in  the 
formulations.  The  function  of  a  buffering  agent  is  to  prevent  a  rapid  change  in  pH  when 
acids  or  bases  are  added  to  the  solution.  The  pH  of  a  liquid  formulation  is  an  important 
parameter  that  decides  the  stability  and  solubility  of  API;  control  of  pH  can  prevent  micro¬ 
bial  contamination  and  large  changes  during  storage.  When  a  wide  range  of  pH  is 
required  a  combination  of  buffers  can  be  used  instead  of  a  single  buffering  agent; 
0.01—0.1  M  amount  of  buffer  capacity  and  0.05— 0.5  M  concentration  is  sufficient  to  pro¬ 
vide  the  required  pH  (Haywood  and  Glass,  2013). 

Buffering  agents  should  be  compatible,  low  toxicity  or  nontoxic,  nonirritant,  and  buff¬ 
ered  at  the  pH  range  of  7.4.  The  combination  of  the  polarity  of  solute  and  salt  are  also 
responsible  for  the  effect  of  buffering  agents.  Organic  salts  solubilize  nonpolar  solutes  and 
solubilize  polar  solutes  whereas,  polar  salts  solubilize  polar  solutes  and  solubilize  the  non¬ 
polar  solutes.  The  potential  reaction  between  API  and  excipients  is  determined  by  the  sta¬ 
bilizing  effect  of  the  buffers  containing  multiply  charged  species  of  buffering  agents.  For 
example,  buffers  containing  citrate,  carbonate,  phosphate  salts,  and  tartrate  form  sparingly 
soluble  salts  with  calcium  leading  to  precipitation.  However,  solution  pH  is  also  responsi¬ 
ble  for  this  precipitation.  Interaction  of  phosphate  ions  with  other  components  of  the  solu¬ 
tion  lowers  the  activity  of  phosphate  ions.  Some  widely  used  buffers  include  citric  acid 
and  sodium  citrate  buffer,  and  boric  acid  and  sodium  borate  buffer.  Most  of  these  buffer¬ 
ing  systems  are  based  on  the  buffering  agent's  citrates,  tartrates,  phosphates,  gluconates, 
carbonates,  or  lactates  (Ugwu  and  Apte,  2004). 

2.2.2. 5  Flavoring  Agents 

The  formulations  need  to  have  good  patient  acceptability,  with  the  consideration  that 
the  patient  may  be  an  elderly  patient  or  a  pediatric  one.  Further,  the  elegance  increases  the 
market  value  of  the  formulation.  Flavoring  agents  increase  the  elegance  by  stimulating  the 
sensations  to  the  flavor  (Fabiano  et  al.,  2011). 

Flavoring  agents  may  be  natural  or  synthetic.  Natural  agents  include  camphor  oil,  euca¬ 
lyptus  oil,  sandalwood  oil,  essential  oils,  and  oleoresins,  and  synthetic  flavoring  agents 
include  synthetic  sweeteners,  methyl  salicylate,  vanillin,  lactones,  etc.  (Gin  and  Ross,  2012). 

2.2.2. 6  Suspending  Agents 

Suspending  agents  increase  the  viscosity  of  the  continuous  phase  and  delay  the  rate  of 
settling  of  suspensions.  Suspending  ability  in  the  system,  rheological  property,  pH  stabil¬ 
ity,  chemical  compatibility  with  other  excipients,  batch-to-batch  reproducibility,  length  of 
time  to  hydrate,  and  cost  are  some  factors  to  be  considered  during  appropriate  agent  selec¬ 
tion.  Methylcellulose,  kaolin,  gelatin,  HPMC,  and  carbopol  are  some  suspending  agents 
used  in  liquid  dosage  forms  (Radke  et  al.,  2013). 
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2.2.2. 7  Emulsifying  Agents 

Emulsifying  agents  are  the  substances  that  form  a  film  around  the  dispersed  globules 
or  lower  the  interfacial  tension  in  an  emulsion.  Structurally  these  agents  have  two  parts 
in  their  chemical  structure,  that  is,  a  hydrophilic  and  a  lipophilic  part.  They  form  a 
protective  barrier  around  the  dispersed  droplet  by  adsorbing  on  the  oil— water  interface 
and  stabilizing  the  emulsion  by  decreasing  the  interfacial  tension  of  the  system.  Some 
emulsifiers  impart  a  charge  on  the  surface  of  the  drop,  which  reduces  the  physical  con¬ 
tact  between  the  droplets  and  decreases  the  coalescence  potential  of  the  droplet,  which 
in  turn  increases  the  stability  of  the  emulsion.  All  emulsifying  agents  used  in  the  system 
should  be  odorless,  nontoxic,  nonirritant,  chemically  stable,  inert,  and  chemically  non- 
reactive  with  other  excipients.  Commonly  used  emulsifying  agents  include  polymers 
(Spans  and  Tweens),  sodium  lauryl  sulfate,  sodium  dioctyl  sulfosuccinate,  and 
tragacanthins  (Haba  et  al.,  2014). 


2.2.2. 8  Wetting  Agents 

These  are  substances  that  lower  the  advancing  contact  angle  and  aid  in  spreading  the 
powder  in  the  aqueous  phase  by  replacing  the  air.  A  layer  of  adsorbed  air  can  be  formed 
on  the  surface  of  particles,  due  to  which  even  high-density  particles  may  float  on  the 
surface  of  the  liquid.  The  addition  of  wetting  agent  removes  the  air  phase  and  allows 
the  liquid  vehicle  to  penetrate  easily  into  the  pores  of  particles  in  a  short  time  period. 
In  the  case  of  aqueous  vehicles,  the  most  commonly  used  wetting  agents  to  remove 
the  adsorbed  air  from  the  surface  of  particles  are  glycerin,  PG,  and  alcohol.  Whereas 
in  the  case  of  nonaqueous  liquid  vehicle  mineral  oils  are  commonly  used.  But  still,  hydro- 
phobic  APIs,  even  after  the  removal  of  adsorbed  air,  are  not  wetted  easily.  Therefore 
surface  active  agents  are  required  to  reduce  the  interfacial  tension  between  the  particles 
and  the  vehicle  (Arya  et  al.,  2010).  The  most  commonly  used  surface  active  agent  is 
sodium  lauryl  sulfate.  Such  agents  on  dissolving  in  water  decrease  the  contact  angle  of 
water  and  aid  in  spreadability  of  water  on  the  surface  of  the  particles  and  remove  the 
layer  of  adsorbed  air.  The  structure  of  wetting  agents  consists  of  branched  hydrophobic 
chains  with  either  central  hydrophilic  groups  or  short  hydrophobic  chains  with  hydro¬ 
philic  end  groups.  The  hydrophilic— lipophilic  balance  (HLB)  value  of  wetting  agents  is 
generally  7—9.  Methylcellulose,  acacia,  pectin,  surfactant— sodium  lauryl  sulfate,  polysor- 
bate  80,  poloxamers,  Pluronics,  etc.,  are  some  of  the  wetting  agents  used  in  liquid  formu¬ 
lations  (Mahato  and  Narang,  2017). 


2.2.2. 9  Flocculating  Agents 

Flocculating  agents  modify  the  zeta  potential  of  particles  to  induce  the  flocculation 
(floes  formation)  in  a  suspension  formulation.  They  may  be  water-soluble  organic  poly¬ 
mers  or  inorganic  salts.  The  type  of  flocculating  agent  to  be  used  is  selected  on  the  basis  of 
the  type  of  solid— liquid  separation  performed.  Flocculating  agents  induce  floes  formation 
by  neutralizing  the  surface  charge  of  suspended  particles,  shrinking  the  ionic  double  layer, 
or  bridging  between  the  suspended  particles.  Aluminum  chloride  and  electrolytes  are  the 
examples  of  flocculating  agents  (Burke  et  al.,  2011). 
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2.2.2.10  Surfactants 

A  surfactant  is  a  surface  active  agent  that  tends  to  decrease  the  surface  of  interfacial  ten¬ 
sion  of  two  liquids  and  disperse  water-insoluble  drugs  as  a  colloidal  dispersion.  They  are 
generally  used  to  prevent  the  crystal  formation  in  suspension,  for  wetting  of  dry  solid 
powders,  and  to  enhance  the  handling  characteristics  of  suspension  while  drawing  it  into 
the  syringe,  that  is,  syringability.  Structurally  surfactants  bear  two  regions,  the  lipophilic 
and  hydrophilic  regions,  which  are  balanced  to  concentrate  at  an  interface  to  lower  the 
surface  tension.  They  are  also  used  in  emulsions  and  for  solubilizing  fat-soluble  vitamins 
and  steroids.  Sorbitan  monooleate  (0.05%— 0.25%)  and  polyoxyethylene  sorbitan  monoole- 
ate  (01  %— 0.5%)  are  commonly  used  surfactants  (Miillertz  et  al.,  2010). 

2.2.2.11  Antifoaming  Agents 

Antifoaming  agents  are  added  to  prevent  or  counter  the  foam  generation  in  the  formu¬ 
lation.  Generally,  these  agents  have  surface  active  properties  and  are  insoluble  in  the 
foaming  medium.  These  are  less  viscous,  easily  spreadable  on  the  foamy  surface,  and 
possess  affinity  to  the  air— liquid  surface  where  it  destabilizes  the  foam  lamellas,  which 
rupture  the  air  bubbles  and  break  down  the  surface  foam.  Entrained  air  bubbles  are 
agglomerated,  and  the  larger  bubbles  rise  to  the  surface  of  the  bulk  liquid  more  quickly. 

Commonly  used  antifoaming  agents  are  certain  alcohols  (cetostearyl  alcohol),  insoluble 
oils  (castor  oil),  stearates,  polydimethylsiloxanes  and  other  silicones  derivatives,  ether  and 
glycols  (Karakashev  and  Grozdanova,  2012). 

2.2.2.12  Propellants 

Propellants  help  to  develop  proper  pressure  within  the  container  and  expel  the  pro¬ 
ducts  in  the  forms  of  vapor  in  the  formulation  of  aerosols.  A  propellant  is  a  chemical 
with  a  vapor  pressure  greater  than  atmospheric  pressure  at  40°C  (105°F).  The  propellant 
provides  the  force  that  expels  the  product  concentrate  from  the  container  and  addition¬ 
ally  is  responsible  for  the  delivery  of  the  formulation  in  the  proper  form  (i.e.,  spray, 
foam,  semisolid).  When  the  propellant  is  a  liquefied  gas  or  a  mixture  of  liquefied  gases, 
it  can  also  serve  as  the  solvent  or  vehicle  for  the  product  concentrate.  If  the  product  char¬ 
acteristics  are  to  change  on  dispensing,  additional  energy  in  the  form  of  a  mechanical 
breakup  system  may  be  required.  Types  of  propellants  commonly  used  in  pharmaceuti¬ 
cal  aerosols  include  chlorofluorocarbons,  fluorocarbons  (trichloromonofluoromethane, 
dichlorodifluoromethane),  hydrocarbons  (propane,  butane,  isobutane),  hydrochlorofluor- 
ocarbons  and  hydrofluorocarbons,  inert  gases  (nitrogen,  N 02,  C02)  and  compressed 
gases  (Alston  et  al.,  2013). 

2.2.2.13  Tonicity  Modifiers 

These  are  agents  used  to  adjust  the  osmotic  pressure  of  the  solution  with  that  of  plasma. 
Tonicity  modifiers  are  necessarily  required  for  the  ophthalmic  preparations  and  the  sterile 
solutions  to  be  used  parenterally.  Due  to  osmotic  pressure  changes  and  the  resultant 
exchange  of  ionic  species  across  red  blood  cell  membranes,  nonisotonic  solutions,  particu¬ 
larly  if  given  in  quantities  larger  than  100  mL,  can  cause  hemolysis  of  red  blood  cells  due 
to  the  hypotonic  or  hypertonic  solution,  respectively.  Eye  irritation  can  be  caused  by 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


64 


2.  CURRENT  DEVELOPMENTS  IN  EXCIPIENT  SCIENCE 


nonisotonic  ophthalmic  preparations,  which  in  turn  result  in  excessive  tear  production 
and  this  way  the  drug  is  washed  out  from  the  eye,  leading  to  reduced  contact  between  eye 
and  drug.  The  tonicity  of  the  formulation  is  an  important  colligative  property  basically 
depending  upon  the  number  of  particles  dissolved  in  the  solution /formulation.  To  gain 
isotonicity  in  the  sterile  formulations,  sodium  chloride,  dextrose,  mannitol,  or  potassium 
chloride  are  most  commonly  used  as  tonicity  modifiers  (Jezek  et  al.,  2013). 

2.2.2.14  Hydrocolloids 

These  excipients  are  substances  of  high  molecular  weight  colloidal  dimension  that  in 
water  produce  highly  viscous  solutions  in  even  at  small  contents.  Hydrocolloids  consist  of 
colloid  particles  that  disperse  throughout  the  water  phase  and  the  quantity  of  water  phase 
available  decides  whether  the  system  is  a  gel  or  a  liquid.  Hydrocolloid  may  be  in  gel  or 
sol  state  and  some  exist  in  both  gel  and  sol  state,  and  may  vary  with  the  addition  or  elimi¬ 
nation  of  heat.  When  dispersed  in  water  they  are  characterized  by  thickening  or  viscosity 
producing  effect  or  gels.  The  hydroxyl  group  (OH)  present  on  hydrocolloids  is  responsible 
for  the  affinity  to  bind  with  water  molecules,  large  the  number  of  —OH  group  enhanced 
affinity.  The  type  and  nature  of  hydrocolloids  are  responsible  for  the  extent  of  thickening. 
Some  hydrocolloids  give  low  viscosity  at  high  concentration  whereas  most  of  them  at  the 
concentration  of  1%  or  less  give  high  viscosity.  Different  types  of  hydrocolloids  used  in 
the  liquid  dosage  forms  are  (Saha  and  Bhattacharya,  2010): 

•  Natural:  agar,  acacia,  tragacanth,  gelatin 

•  Semisynthetic:  methylcellulose,  HMC,  CMC 

•  Synthetic:  Carbopol,  Polyox 


2.2.3  Excipients  Used  in  the  Semisolid  Dosage  Form 

Dosage  forms  are  formulated  as  a  complex  system  that  contains  various  indispensable 
components  along  with  the  API  known  as  excipients,  which  are  the  important  pharmaceu¬ 
tical  factors  that  influence  the  pharmacotherapeutic  effects  of  the  formulation.  Excipients 
do  not  have  their  own  pharmacological  effect  but  are  used  as  a  vehicle  to  provide  bulk  to 
the  dosage  form  and  make  it  easy  to  handle  and  apply  the  formulation.  They  are  incorpo¬ 
rated  into  the  dosage  form  to  maintain  stability,  ensure  sterility,  minimize  pain  and  tissue 
irritation,  etc.  (Olejnik  et  al.,  2012).  Excipients  used  for  a  particular  dosage  form  must  be 
compatible  with  the  API  so  that  they  should  not  adversely  affect  the  bioavailability,  safety, 
stability,  and  efficacy  of  the  API.  Bioavailability,  shelf  life,  and  storage  conditions  may  be 
changed  by  the  nature  and  amount  of  excipients  used.  Physicochemical  properties  of  exci¬ 
pients  may  lead  to  interaction  with  the  API  and  its  environment  (i.e.,  container,  closure, 
etc.)  resulting  in  the  good  or  bad  compatibility  of  the  formulation.  Therefore  special  atten¬ 
tion  is  needed  in  the  pharmaceutical  development  of  semisolid  dosage  forms.  Excipients 
combine  with  API  and  form  an  effective  pharmaceutical  preparation.  Excipients  used  in 
semisolid  dosage  forms  are  approximately  90%  and  hence  important  to  study  for  any  side 
effects  such  as  local  irritation  and  sensitizing  effects  (Allen  and  Ansel,  2013).  A  diagram¬ 
matic  representation  of  excipients  used  in  semisolids  is  given  in  Fig.  2.11. 
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Hydrophilic  solvents 

Semisoiid  bases 

Hydrophobic  solvent^ 

Dissolve  hydrophilic  drugs 
(Ethanol  water,  Isopropanol 
Propylene  glycol ) 

Base  for  dissolving  drugs 
(Cocoa  butter,  glycerin, 
coconut  oil,  Propylene  glycol) 

Dissolve  lipophilic  drugs 
(Mineral  and  vegetable  oils, 
Benzyl  benzoate) 

Viscosity  modifiers 

Emollients 

Adjust  the  viscosity 
(Paraffin,  Spermaceti, 
Lanolin) 

Excipients 

Alter  skin  characteristics 
(Glycerin,  mineral  oil,  isopropyl 
palmitate) 

Solubilizers 

employed  in 
semisolid  dosage  form 

Preservatives 

Enhance  solubility 

Prevent  microbial  growth 

(Lanolin,  cholesterol,  or 
cholesterol  esters ) 

(Benzyl  alcohol,  methyl 
paraben,  chi  o  roc  resol) 

Emulsifiers 

Melting  point  modifier 

Gelling  agents 

Reduce  surface  tension 

Adjust  melting  point 

Formation  of  gel  like  structure 

between  two  immiscible  phase; 

(Bees  wax,  white  wax, 

(Carbomer934,  Pemulen, 

(Sodium  lauryf  sulfate) 

yellow  wax,  lanoline) 

Carboxy  methyl  cellulose) 

FIGURE  2.11  Excipients  used  in  semisolid  dosage  forms.  Semisolids  may  be  topical  or  sterile  dosage  forms. 
The  uniform  distribution  of  the  base,  drug,  and  excipients  is  required  for  good  extrudability  and  spreadability. 
Their  viscosity  and  morphological  features  become  crucial  in  such  cases. 


2.2.3. 1  Structure-Forming  Excipients 

Semisolid  dosage  forms  are  plastic  in  behavior  hence  they  retain  their  shape  on  appli¬ 
cation  of  outside  force.  All  semisolid  dosage  forms  have  a  permanent  three-dimensional 
structure  that  is  responsible  for  their  specific  rheological  character.  Oil-in-water  emulsions 
used  in  many  pharmaceutical  creams  are  not  stabilized  by  the  surfactant  mechanical 
properties  but  rather  stabilized  by  forming  a  gel  network  consisting  of  the  structure¬ 
forming  agents  such  as  stearyl  alcohol,  cetyl  alcohol,  cetostearyl  alcohol,  etc.  Cetostearyl 
alcohol  is  the  combination  of  cetyl  alcohol  and  stearyl  alcohol.  It  is  a  crystalline  bilayer/ 
lamellae  arrangement  with  attached  surface  molecules  into  the  layer  facing  the  hydro¬ 
philic  portion  of  surfactants  toward  interlamellar  space.  This  hydrophilic  portion  arrests 
water  drainage  from  the  interlamellar  space,  which  in  turn  produces  a  gel  that  has  the 
capacity  to  retain  large  volumes  of  water  within  the  structure.  In  these  emulsions  (o/w) 
the  oil  phase  is  neither  required  for  the  delivery  of  water-soluble  drugs  nor  for  the  gel 
formation  but  acts  as  a  reservoir  for  the  cetostearyl  alcohol  and  is  responsible  for  sensory 
characteristics  of  the  formulation  such  as  opacity.  Cetostearyl  alcohol  and  a  hydrophilic 
surfactant  are  the  primary  structure-forming  excipients  used  in  semisolid  dosage  form, 
hence  it  is  necessary  to  check  for  (1)  the  interactions  and  crystalline  phase  transition 
between  them  as  it  can  change  the  semisolid  nature  of  the  dosage  form  (cream,  gel, 
ointment,  suppository),  (2)  physical  properties,  (3)  drug  release,  and  (4)  pharmaceutical 
elegance  (Narang  and  Boddu,  2015). 
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2.2.3.2  Preservatives 

Preservatives  are  the  substances  that  are  commonly  added  to  prevent  the  microbial 
growth  and  prolong  the  shelf  life  of  the  product.  Semisolid  dosage  forms  also  consist  of 
water  or  water-based  solvents  within  them.  The  presence  of  water  increases  the  chances 
of  microbial  growth  and  contamination.  Also,  during  manufacturing  and  packaging,  the 
primary  packaging  material  that  is  in  direct  contact  with  the  formulation  may  interact  or 
cause  contamination.  To  prevent  the  microbial  growth  and  contamination  in  semisolid 
dosage  forms  due  to  any  of  these  reasons,  preservatives  are  required.  Preservatives 
should  (1)  prevent  the  microbial  proliferation  but  not  compromise  the  product  perfor¬ 
mance  or  efficacy;  (2)  be  nontoxic,  nonsensitizing,  and  nonirritating  to  the  biological  sys¬ 
tem;  (3)  not  interact  with  the  formulation;  (4)  possess  antimicrobial  activity  throughout 
the  shelf  life  of  product;  and  (5)  be  compatible  with  the  product  and  packaging  material 
(Pramanick  et  al.,  2013). 

2.2.3.3  Antioxidants 

Oxidation  is  the  chemical  reaction  in  which  a  substance  loses  an  electron /hydrogen 
atom  and  gains  oxygen.  Oxygen  is  a  highly  reactive  atom  that  is  capable  of  becoming  part 
of  the  potentially  damaging  molecules  commonly  called  free  radicals.  Free  radicals  are 
capable  of  attacking  the  healthy  cells  of  the  body,  causing  them  to  lose  their  structure  and 
function.  Antioxidants  are  often  used  to  prevent  the  oxidation  of  active  substances 
and  excipients  in  the  dosage  form.  Examples  includes  ascorbic  acid,  sodium  sulfite,  butyl- 
ated  hydroxyl  anisole,  and  butylated  hydroxyl  toluene  (Cirilo  and  lemma,  2012). 

2.2.3.4  Solubilizers 

Solubilizers  are  used  to  improve  the  solubilization  of  hydrophobic  substances  and  to 
increase  bioavailability.  They  are  also  used  to  stabilize  suspensions,  creams,  and  oint¬ 
ments  and  prepare  colloids  and  gels.  Cyclodextrin  is  an  example  of  the  most  widely  used 
solubilizer  (Oda  et  al.,  1998). 

2.2.3. 5  Gelling  Agents 

Gelling  agents  are  the  gel-forming  agents  when  dissolved  in  a  liquid  phase  as  a  colloi¬ 
dal  mixture  forms  a  weakly  cohesive  internal  structure.  They  are  organic  hydrocolloids  or 
hydrophilic  inorganic  substances.  In  semisolid  dosage  form,  gelling  agents  are  used  at  a 
concentration  of  0.5%— 10%.  Examples  includes  tragacanth,  pectin,  starch,  carbomer, 
sodium  alginate,  gelatin,  cellulose  derivatives,  polyvinyl  alcohol  clays,  etc.  Gelling  agents 
also  function  as  stabilizers  and  thickeners  to  provide  thickening  without  stiffness.  Recently 
polymers  have  been  widely  used  as  gelling  agents  in  the  semisolid  dosage  form,  among 
which  synthetic  macromolecular  polymers  of  acrylic  acid  called  carbomers  are  most  com¬ 
monly  used  as  they  show  high  thickening  ability  in  a  wide  pH  range.  The  gel-forming 
agent,  usually  a  polymer  in  a  small  concentration,  produces  a  semisolid  consistency  in  the 
formulation  that  reduces  the  drainage  rate  of  the  formulation  and  prolongs  the  residence 
time  at  the  administration  site  (Katdare  and  Chaubal,  2006). 

Carbopol  easily  swells  at  a  small  concentration  of  1%— 2%  and  thickens  the  polar  envi¬ 
ronment  after  mixing.  Carbopol,  pH,  nature  of  the  neutralizing  base  (ammonium 
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hydroxide,  sodium  hydroxide,  triethanolamine)  are  all  together  responsible  for  the  struc¬ 
tural  viscosity  of  gels.  The  higher  the  concentration  of  carbopol,  the  greater  is  the  struc¬ 
tural  viscosity. 

Carbomers  are  the  most  commonly  used  gelling  agents  in  the  manufacture  of  creams, 
ointments,  and  gels  particularly  meant  for  the  application  on  mucous  membranes. 
Bentonite  based  formulations  should  have  the  pH  range  of  6.0  or  above  and  concentration 
required  for  thickening  the  gels  is  from  2%  to  10%.  Sodium  carboxymethylcellulose 
(sodium-CMC)  is  the  gelling  agent  that  cannot  be  used  when  the  formulation  composition 
includes  any  heavy  or  alkaline  earth  metals. 

Cellulose  derivatives  are  also  used  as  gelling  agents  but  a  major  disadvantage  is  they 
lack  antimicrobial  properties,  so  it  is  necessary  to  check  their  compatibility  with  other 
ingredients  of  the  formulation,  and  they  require  the  use  of  preservatives  in  the  formula¬ 
tion.  However,  some  of  their  derivatives  such  as  hydroxy  methylcellulose  and  methylcel- 
lulose  are  incompatible  with  parabens,  which  makes  the  selection  of  preservatives  limited. 
Depending  on  the  nature  of  gelling  agents  and  the  solvents  gels  can  be  transparent,  opa¬ 
que,  polar,  nonpolar,  or  water— alcohol  type.  For  example,  if  transparency  is  a  requirement 
for  the  gel,  hydroxymethyl  cellulose  is  preferable  to  methylcellulose  (Shostak  et  al.,  2015). 
A  few  of  the  gelling  agents  and  their  subtypes  are  represented  in  Table  2.9. 

2.2.3. 6  Emollients 

Emollients  are  the  substances  used  in  the  formulations  to  provide  softness  and  smooth¬ 
ness  to  the  skin  and  to  adjust  the  consistency  of  creams,  ointments,  and  lotions.  Emollients 
must  be  nonirritating,  nontoxic,  and  mild,  as  they  may  interfere  with  several  skin  reactions 


TABLE  2.9  Some  Gelling  Agents  and  Their  Subtypes 


Gelling  Agents 

Subtypes 

Examples 

Remark 

Polymeric  gelling 
agents 

Acrylic 
acid -based 

Carbomers  (carbomer  934P,  carbomer  940,  carbomer  941) 

pH  range  of 
2.8— 3.2 

Acrylic  acid 
polymers 

Pemulenl  polymeric  emulsifiers 

Cellulose-based 
gelling  agents 

Hydroxypropyl  cellulose  (HPC),  carboxymethylcellulose, 
and  hydroxyethyl  cellulose  (HEC) 

Natural  gelling  agents 

Xanthan  gum,  gellan  gum,  guar  gum,  pectin,  and  gelatin 

Polymeric  gelling 
agents 

Acrylic 
acid -based 

Carbomers  (carbomer  934P,  carbomer  940,  and  carbomer 
941) 

pi  I  range  of 
2.8— 3.2 

Acrylic  acid 
polymers 

Pemulenl  polymeric  emulsifiers 

Cellulose-based 
gelling  agents 

- 

Hydroxypropyl  cellulose  (HPC),  carboxymethylcellulose, 
and  hydroxyethyl  cellulose  (HEC) 

- 

Natural  gelling  agents 

- 

Xanthan  gum,  gellan  gum,  guar  gum,  pectin,  and  gelatin 

- 

Gelling  agents  are  substances  that  are  used  to  impart  viscosity  or  to  stabilize  the  formulations.  These  may  be  obtained  from 
natural,  synthetic,  or  semisynthetic  sources. 
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that  may  occur  after  skin  damage,  for  example,  barrier  repair.  Addition  of  emollients  into 
the  semisolid  formulation  enhances  the  character  of  the  vehicle  and  promotes  penetration 
of  the  active  drug  through  the  skin  locally  or  systemically.  Drug  molecules  penetrate  by 
passive  diffusion  through  the  stratum  corneum  as  it  is  keratinized  tissue  and  acts  as  a 
semipermeable  membrane.  The  concentration  of  drug  in  the  vehicle,  water  solubility  of  the 
drug,  and  oil— water  partition  coefficient  between  stratum  corneum  and  the  vehicle  decide 
the  rate  of  drug  movement.  Examples  include  petrolatum,  glycerin,  isopropyl  palmitate, 
isopropyl  myristate,  and  mineral  oil  (Marks,  1997). 

2.2.3. 7  Bases  (Creaml Ointments! Suppository) 

Bases  are  the  vehicle  for  the  medicinal  substance  carried  in  creams,  ointments,  and  sup¬ 
positories  intended  for  external  use.  Appropriate  base  selection  for  the  cream,  ointment,  or 
suppository  depends  upon  (1)  type  of  activity  required,  for  example,  topical,  percutaneous 
absorption,  etc.;  (2)  physicochemical  and  microbial  stability  of  product;  (3)  compatibility 
with  other  components  of  the  formulation;  (4)  ease  of  manufacture;  (5)  pourability  and 
spreadability  of  the  formulation;  (6)  duration  of  contact;  (7)  risk  of  hypersensitivity  reac¬ 
tions;  and  (8)  ease  of  washing/ removal  from  the  site  where  applied.  Also,  the  bases  meant 
for  ophthalmic  preparations  must  be  nonirritating  and  should  soften  at  body  temperature. 
Bases  generally  used  in  ophthalmic  preparations  are  white  petrolatum  and  liquid  petrola¬ 
tum.  Bases  are  classified  mainly  into  four  types  on  the  basis  of  their  composition  and  the 
physical  characteristics  as  per  USP  (Zuckerman  et  al.,  2014): 

•  hydrocarbon  bases  (oleaginous  bases) 

•  absorption  bases 

•  water-removal  bases  (emulsifying  bases) 

•  water-soluble  bases  (water-miscible /greaseless  bases) 

2.2.3. 7.1  HYDROCARBON  BASES 

Hydrocarbon  bases  are  also  known  as  oleaginous  bases  as  they  are  made  up  of  oleagi¬ 
nous  materials.  They  exert  an  emollient  and  protective  effect  on  application  to  the  skin 
and  remain  on  the  skin  for  a  prolonged  period  of  time  without  drying.  These  bases  are 
oily  in  nature,  immiscible  in  water,  and  hence  their  removal  from  the  skin  is  difficult. 
Incorporation  of  aqueous  solutions  into  hydrocarbon  bases  is  difficult  whereas  powders 
can  be  incorporated  with  the  aid  of  liquid  petrolatum  used  as  levigating  agent.  Example 
include  petrolatum  USP,  white  petrolatum  USP,  yellow  ointment  USP,  and  white  ointment 
USP  (Ueda  et  al.,  2009). 

2.2.3. 7.2  ABSORPTION  BASES 

Absorption  bases  consist  of  both  water  and  oil  phase  but  contain  water  in  small  amount 
(as  internal  phase)  and  oil  in  high  amount  (external  phase).  Due  to  the  high  oil  content, 
they  are  hydrophobic  in  nature.  These  bases  have  relatively  less  emollient  properties  as 
compared  with  hydrocarbon  bases.  Absorption  bases  are  of  two  types:  (1)  those  that  per¬ 
mit  the  incorporation  of  aqueous  solutions,  which  results  in  the  formation  of  w/o  emul¬ 
sions;  and  (2)  those  that  permit  incorporation  of  aqueous  solutions  in  a  small  amount  as 
they  are  already  w/o  emulsions.  On  applying  to  the  skin  they  form  a  greasy  film,  and  can 
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be  difficult  to  remove  or  wash  off  with  water  due  to  their  external  phase.  Examples 
include  hydrophilic  petrolatum  USP,  lanolin  USP,  anhydrous  lanolin  (Ueda  et  al.,  2009). 

2.2.3. 7.3  WATER-REMOVABLE  BASES 

Water-removable  bases  are  oil-in-water  type  emulsions  having  an  emulsifier,  which 
makes  them  readily  miscible  with  water.  Due  to  high  water  content,  they  are  hydrophilic 
in  nature.  Unlike  hydrocarbon  and  absorption  bases  incorporation  of  a  large  proportion  of 
aqueous  solutions  into  these  bases  is  possible  with  the  aid  of  emulsifying  agents.  Due  to 
their  hydrophilic  nature,  they  are  easy  to  remove  from  the  skin /water  washable.  They 
possess  surface  active  properties  that  facilitate  contact  between  skin  and  the  formulation 
applied. 

Examples  include  hydrophilic  ointment,  vanishing  creams  (Bhowmik,  2012). 

2.2.3. 7.4  WATER-SOLUBLE  BASES 

Water-soluble  bases  contain  only  the  aqueous  phase  and  do  not  contain  any  oil  phase. 
They  are  totally  hydrophilic  in  nature.  Aqueous  solutions  cannot  be  incorporated  effi¬ 
ciently  into  these  bases  because  they  soften  greatly  with  water  addition  but  they  are 
mostly  used  for  incorporation  of  solid  substances.  These  bases  are  used  for  local  anes¬ 
thetics  and  are  used  when  easy  washing  from  the  skin  is  required  as  they  are  easily 
removed  from  the  skin  due  to  water  solubility.  Examples  of  water-soluble  bases  include 
polyethylene  glycol  (PEG)  ointment  National  Formulary  (NF). 

2.2.3. 7.5  MISCELLANEOUS  BASES 

Miscellaneous  bases  include  the  mixture  of  hydrocarbon  (oleaginous)  and  water-soluble 
bases.  Some  bases  from  this  category  are  performed  emulsions,  generally  w/o  type  and 
capable  of  dispersing  in  the  aqueous  solutions.  Surface  active  agents  are  present  in  bases, 
from  which  polyoxyl  40  stearate  is  most  commonly  found  in  commercial  bases.  Some 
recently  developed  in  situ  gelling  and  mucoadhesive  liquid  suppository  bases  are  com¬ 
posed  of  poloxamers,  sodium  alginate,  and  polycarbophil,  which  exist  as  liquid  in  vitro 
and  gel  in  vivo,  by  modulating  the  gelation  temperature  of  poloxamer  solution 
(Srivastava,  2006). 


2*2*4  Excipients  Used  in  Nanoformulations 

Nanoformulations  are  chemically  stable  and  effective  dosage  forms  that  are  the  founda¬ 
tion  of  drug— excipient  compatibility  studies  and  their  design  depends  on  the  selection  of 
appropriate  excipients,  for  example,  polymers  and  surfactants,  etc.  (Tekade  et  al.,  2017). 
For  the  delivery  of  hydrophobic  and  hydrophilic  drugs  nanoparticles  are  proving  to  be 
safe  and  effective  nanocarrier  platforms  as  they  protect  the  drugs  from  damage  and  degra¬ 
dation  by  any  enzymes.  The  smart  nanoparticle  development  can  be  a  good  sustained 
release  DDS  with  better  efficacy  and  lower  toxicity  risks  for  many  diseases  (Maheshwari 
et  al.,  2015a;  Sharma  et  al.,  2015). 

Many  polymers  are  used  for  such  sustained  release  drug  delivery  formulations  such  as 
ethyl  cellulose.  Ethyl  cellulose  is  a  biodegradable  and  biocompatible  polymer  with  the 
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nature  of  solubilizing  a  large  number  of  hydrophobic  drugs.  It  has  good  tolerability  with 
the  lack  of  toxicity  and  is  chemically  stable.  Ethyl  cellulose  is  used  to  encapsulate  the  bio¬ 
logically  active  drug  within  the  nanoparticles  with  appropriate  chemical  and  physical 
properties.  Bioavailability  and  stability  of  the  formulation  can  be  altered  due  to 
drug— excipient  interaction  or  incompatibility  that  in  turn  affect  the  safety  and  efficacy 
(Agnihotri  et  al.,  2004). 

2.2.4. 1  Polymers 

The  polymer  is  a  large  macromolecule,  composed  of  many  repeated  subunits.  Because 
of  their  broad  range  of  properties,  both  synthetic  and  natural  polymers  play  essential  roles 
in  pharmaceutical  products.  Various  polymeric  excipients  are  used  in  pharmaceutical  for¬ 
mulations.  They  are  diverse  and  comprise  the  materials  made  up  of  polymers  that  may  be 
natural,  synthetic,  or  fermented.  They  can  be  defined  by  their  molecular  weight,  molecular 
weight  distribution,  and  average  structure  of  the  polymer  they  are  composed  of. 
Polymeric  excipients  are  designed  to  provide  stability,  efficacy,  release  properties,  and 
sensory  profile  such  as  taste  masking  and  texture  (Torchilin,  2001). 

Different  polymers  may  consist  of  different  impurities  based  on  their  origins.  Residual 
extraction  solvents  and  other  natural  unwanted  impurities  are  expected  to  be  present  in 
the  excipients  from  natural  origin,  while  residual  solvents,  residual  raw  materials,  initiator 
byproducts,  catalyst,  preservatives,  and  stabilizers  can  be  present  as  impurities  in  the  syn¬ 
thetic  polymeric  excipients.  Hence,  proper  care  and  attention  should  be  taken  to  design 
the  composition  of  a  polymeric  excipient  to  comprise  all  the  intentional  compounds  that 
are  responsible  for  its  important  properties  and  functionalities.  Polymers  of  different  ori¬ 
gin  used  in  nanoformulations  are  (1)  those  of  natural  origin,  including  sodium  alginate, 
yellow  wax,  cellulose  derivatives;  (2)  those  of  synthetic  origin,  including  polyethylene  gly¬ 
cols,  petrolatum,  silicones,  and  mineral  oils;  and  (3)  xanthan  gum,  which  is  a  polymer  of 
fermentation  origin  (Garces,  2004). 

2.2.4.2  Lipids 

Lipids  are  widely  used  as  excipients  in  the  form  of  nanoparticles  in  various  nanoformu¬ 
lations.  Lipid  nanoparticles  provide  a  better  aspect  to  drug  delivery  as  compared  with 
other  nanostructures.  They  offer  high  bioavailability,  high  loading  capacity,  enhanced 
physicochemical  and  long-term  stability,  adjustable  drug  release,  and  ease  of  surface  mod¬ 
ification.  Formulation  development  can  be  easier  by  making  the  changes  in  an  excipient's 
qualitative  and  quantitative  composition,  like  lipids,  lipid /surfactant  combinations,  and 
optimized  hydrophilic— lipophilic  balance. 

The  major  advantages  with  lipid  nanostructures  are  the  lower  toxicity  for  in  vivo  appli¬ 
cations,  due  to  this  lipids  have  progressed  successfully  as  lipid-based  nanoparticles  in 
DDSs  and  in  the  area  of  DNA  and  RNA  (Maheshwari  et  al.,  2017;  Choudhury  et  al., 
2017a,b;  Mody  et  al.,  2014).  Liposomes  and  lipoplexes  are  the  classic  examples  of  lipid- 
based  nanoformulations  (Maheshwari  et  al.,  2012).  Liposomes  are  primarily  composed  of 
phospholipids,  that  is,  one  of  the  major  components  of  biological  membranes 
(Maheshwari  et  al.,  2015b).  Lipoplexes  are  the  assemblies  of  DNA  that  are  associated  non- 
covalently  by  charge— charge  interactions  and  widely  used  in  gene-targeting  studies 
(Weissig  et  al.,  2014). 
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TABLE  2.10  Types  and  Examples  of  Crosslinking  Agents 


Crosslinking  Agents 

Ionic  Crosslinking  Agents 

Covalent  Crosslinking  Agents 

•  Sodium  tripolyphosphate 

•  Epichlorohydrin 

•  Sodium  triphosphate 

•  Glutaraldehyde 

•  Trisodium  citrate  2  hydrate 

•  Trimethylolpropane  triglycidyl  ether 

•  Sulfosuccinic  acid 

•  Oxalic  acid 

•  Sodium  citrate 

•  Ethylene  glycol  diglycidyl  ether 

Crosslinking  agents  are  the  substances  that  are  used  to  create  links  by  forming  bonds  between  molecular 
chains  of  polymers.  This  creates  a  three-dimensional  network  of  the  connected  molecules. 

2.2A.3  Crosslinkers 

Crosslinking  is  a  process  of  stabilizing  the  chemical  substance  by  the  formation  of 
chemical  links  between  the  molecules  resulting  in  a  three-dimensional  extension.  The 
agents  used  to  crosslink  the  molecules  together  are  known  as  crosslinkers  (Maitra  and 
Shukla,  2014).  Some  types  of  crosslinkers  are  represented  in  Table  2.10. 

2.2AA  Polyethylene  Glycol 

Polyethylene  glycol  (PEG)  is  a  widely  used  and  stealth  polymer  in  polymer-based 
DDSs.  It  is  a  hydrophilic  and  nonionic  polymer.  Use  of  PEG  produces  steric  stabilization 
in  the  formulation  that  in  turn  reduces  the  tendency  of  particles  to  aggregate,  which 
results  in  the  enhanced  stability  during  application  and  storage  of  the  formulation  pro¬ 
duced  (Immordino  et  al.,  2006;  Gajbhiye  et  al.,  2009).  PEG  of  molar  mass  ranging  from 
400  Da  to  about  50  kDa  is  used  in  pharmaceutical  and  medical  applications. 

For  the  conjugation  of  low— molar  mass  drugs  such  as  oligonucleotides,  small  mole¬ 
cules,  siRNA,  etc.  PEG  with  molar  mass  of  20—50  kDa  is  used.  This  results  in  fast  renal 
clearance  being  avoided  by  increasing  the  size  of  the  conjugates  above  the  renal  clearance 
threshold.  Whereas  for  the  conjugation  of  larger  drug  molecules,  such  as  nanoparticulate 
systems,  antibiotics,  etc.  PEG  with  lower  molar  mass,  that  is,  1—5  kDa  is  used.  This 
reduces  enzymatic  degradation,  prevents  opsonization  and  subsequent  elimination  by 
RES,  and  hides  the  cationic  charges.  PEG  possesses  high  solubility  in  aqueous  and  many 
organic  solvents,  lower  toxicity,  immunogenicity,  antigenicity,  etc.  (Knop  et  al.,  2010). 

2.2A.5  Mucoadhesive  Agents 

Mucoadhesive  agents  are  natural  or  synthetic  polymers  in  which  an  application  inter¬ 
acts  with  the  mucin  molecule  present  in  the  mucous  membrane  covering  the  mucosal  epi- 
thetical  surface  and  adheres  the  formulation  to  the  mucous  membrane.  These  agents  are 
usually  hydrophobic  in  nature.  They  increase  the  consistency  of  the  formulation  after 
application  and  increase  the  retention  time,  promote  residence  time  of  the  dosage  form, 
and  improve  intimacy  of  contact  of  the  formulation  with  the  biological  system  (mem¬ 
branes)  (Rahamatullah  Shaikh  et  al.,  2011;  Dua  et  al.,  2017). 
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2.2. 4. 6  Cryoprotectants 

Cryoprotectant  agents  are  used  to  prevent  ice  formation,  which  causes  freezing  dam¬ 
age  to  the  biological  tissue  when  cooling  the  organs.  They  reduce  the  ice  formation  at 
any  temperature  by  increasing  the  total  concentration  of  all  the  solutes  present  in  the 
system.  Cryoprotectants  play  a  significant  role  in  cell  processing  for  the  storage  at  deep 
cryogenic  temperatures  and  cell  recovery  capacity  with  a  greater  level  of  appropriate 
functionality.  Mode  of  action  and  potential  for  cell  biological  function  are  the  result  of 
biological  and  metabolic  effects  exerted  by  cryoprotectant  solutes.  They  must  have  the 
capacity  to  penetrate  into  the  cells  and  have  no  or  lower  toxicity.  Cryoprotectants  lower 
the  melting  point  of  water  on  dissolving  in  it  and  hence  protect  the  cells.  Ethylene  glycol, 
dimethyl  sulfoxide  (DMSO),  glycerol,  etc.,  are  some  commonly  used  cryoprotectants. 
These  are  sometimes  known  as  "antifreeze"  when  applied  outside  the  cryobiology.  Five 
percent  to  15%  concentration  of  cryoprotectants  is  enough  to  allow  the  isolated  cells  to 
survive  after  freezing  and  thawing  from  the  liquid  nitrogen  temperature.  They  effec¬ 
tively  depress  the  melting  point  of  water,  prevent  precipitation,  hydration,  and  eutectic 
formation  (Pegg,  2007). 


2.2.4. 7  Penetration  Enhancers 

Semisolid  dosage  forms  such  as  creams,  ointments,  etc.,  that  are  used  as  a  transdermal 
delivery  system  deliver  medications  through  the  skin  directly  into  the  bloodstream.  For 
this  proper  penetration  of  the  drug  through  the  skin  is  necessary. 

An  approach  to  improve  delivery  of  the  drug  via  transdermal  delivery  system  is  the 
use  of  penetration  enhancers  also  known  as  sorption  promoters  or  accelerants.  Penetration 
enhancers  are  the  agents  that  penetrate  into  the  skin  and  interact  with  skin  constituents  to 
promote  drug  flux  or  reversibly  decrease  the  barrier  resistance  (Pathan  and  Setty,  2009). 
Effective  penetration  enhancers  act  by  increasing  the  diffusion  coefficient  and  effective 
concentration  of  the  drug  in  the  vehicle,  improving  partitioning  between  the  skin  and  the 
formulation,  and  decreasing  the  thickness  of  the  skin.  This  works  better  with  the  cosol¬ 
vents.  Many  of  the  penetration  enhancers  have  a  complex  concentration-dependent  effect. 
Pyrrolidones  (2-pyrrolidone,  2P),  alcohols  (ethanol),  alkanols  (decanol),  sulfoxides 
(DMSO),  glycols  (propylene  glycol,  PG),  azones  (laurocapram),  surfactants,  and  terpenes 
are  the  penetration  enhancers  used  in  nanoformulations  (Benson,  2005). 

Penetration  enhancers  possess  two  types  of  effects,  that  is,  the  direct  effect,  which: 

•  involves  with  intracellular  keratin  present  on  the  stratum  corneum 

•  affects  the  desmosomes  that  maintain  cohesion  between  corneocytes 

•  reduces  the  barrier  resistance  of  bilayer  lipids  by  modifying  intercellular  lipid  domains 

•  modifies  partitioning  of  the  drug  by  altering  the  solvent  nature  of  stratum  corneum 

and  the  indirect  effect,  which: 

•  drags  the  permeant  from  the  solvent  permeating  through  the  membrane 

•  modifies  the  thermodynamic  activity  of  the  vehicle 

•  increases  drug  permeation  and  decreases  the  depletion  effects  by  solubilizing  the 
permeant  present  in  the  donor  (Williams  and  Barry,  2004) 
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2*3  REDEFINING  EXCIPIENTS  FOR  ADVANCED  PRODUCT 
DEVELOPMENT:  EFFECT  ON  PRODUCT  QUALITY 

2*3*1  How  to  Deal  With  Complexity  in  Excipients  and  Product  Development 

In  implementing  quality  by  design  for  drug  formulation,  it  is  crucial  to  identify  the 
critical  properties  of  excipients  and  understand  how  their  variation  affects  the  final  drug 
product  (Gohel  and  Jogani,  2005). 

The  source  of  an  excipient  (i.e.,  natural,  naturally  derived,  synthetic,  or  semisynthetic) 
typically  plays  a  key  role  in  its  inherent  variability.  For  example,  the  feedstock  for  natu¬ 
rally  derived  polymeric  excipients  often  varies  with  species  of  crop,  growing  conditions, 
and/or  harvesting  location. 

Due  to  a  broader  natural  variation,  batch  blending  is  sometimes  required  to  meet  prod¬ 
uct  specifications,  resulting  in  greater  composition  variations.  In  contrast,  synthetic  excipi¬ 
ents  are  manufactured  from  purer  starting  chemicals  and  thus  generally  exhibit  lower 
variability  when  manufacturing  is  well  controlled  (Zarmpi  et  al.,  2017). 

Its  variability  is  more  often  manifested  by  variations  in  residual  starting  materials, 
byproducts,  or  synthetic  impurities,  for  example,  though  excipient  properties  can  still  fluc¬ 
tuate.  Lastly,  the  impact  of  excipient  properties  can  also  be  related  to  the  sensitivity 
(robustness)  of  the  formulation,  process,  and  even  test  methods  of  a  product  to  excipient 
variability  (Lawrence,  2008). 


2*4  MULTIFUNCTIONAL  MINERAL  EXCIPIENTS 

Orally  disintegrating  tablets  (ODTs)  are  becoming  increasingly  important  in  the  global 
pharmaceutical  market  for  both  prescription  and  over-the-counter  medications  because 
they  can  significantly  improve  patient  compliance.  From  the  perspectives  of  cost  and  sim¬ 
plicity,  the  preferred  method  of  preparing  ODTs  is  direct  compression.  However,  the  dis¬ 
integration  capacity  of  ODTs  produced  in  this  way  is  limited  by  the  size  and  hardness  of 
the  resulting  tablets.  The  challenge,  therefore,  when  compressing  ODTs  is  ensuring  a 
structure  that  enables  fast  disintegration  without  affecting  the  hardness  of  the  tablets. 
Developing  a  dosage  form  with  these  properties  requires  an  excipient  that  offers  optimum 
cohesiveness  for  compaction. 

It  can  be  difficult  to  find  multifunctional  excipients  that  do  not  add  to  the  burden  of  an 
already  extensive  regulatory  filing  (Bharawaj  et  al.,  2010).  Functionalized  calcium  carbon¬ 
ate  (FCC)  offers  the  advantage  of  being  a  structured  mineral  comprising  calcium  carbonate 
and  hydroxyapatite,  both  of  which  are  monographed  minerals.  FCC  is  manufactured  from 
high-purity  calcium  carbonate  that  undergoes  surface  recrystallization.  This  process  can  be 
controlled  to  obtain  specific  surface  areas  ranging  between  30  and  180m2/g,  a  median 
particle  size  distribution  of  between  2  and  30  pm,  and  porosities  of  higher  than  60%.  FCC 
particles  are  characterized  by  an  external  lamellae  structure  and  an  internal  network  of 
interconnected  pores  (Hamaidi,  2017). 

In  contrast  to  other  porous  excipients,  FCC  has  a  lamellae  morphology,  which  provides 
plenty  of  surface  contact  points  among  the  particles,  ensuring  interlocking  during  dry 
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granulation  in  roller  compactors.  This  structure  facilitates  the  production  of  granules  by 
dry  granulation.  After  milling  and  sieving,  the  granules  are  ready  to  be  mixed  with  APIs 
and  can  be  compressed  into  ODTs.  Thus,  ODTs  manufactured  with  FCC  feature  both  high 
porosity  and  high  levels  of  hardness  (Hamaidi,  2017). 


2*5  A  NOTE  ON  EXCIPIENT  INCOMPATIBILITIES: 
WAYS  TO  COUNTER  THE  ISSUE 


Ideally,  an  excipient  is  pharmacologically  inactive,  nontoxic,  and  does  not  interact  with 
the  active  ingredients  or  other  excipients.  However,  in  practice,  few  excipients  meet  these 
criteria.  Toxicity  may  relate  to  compounds  used  as  excipients  in  the  final  dosage  form  or 
to  residues  of  compounds  (such  as  solvents)  used  during  the  manufacturing  process 

(Haywood  and  Glass,  2011). 

Medicines  contain  ingredients  other  than  the  active  drug  that  is  essential  to  their  man¬ 
ufacture,  stability,  and  function.  These  ingredients  should  be  inert;  however,  they  do 
have  the  potential  to  cause  adverse  effects  in  sensitive  individuals.  Identifying  such  reac¬ 
tions  and  finding  the  appropriate  safety  information  will  help  to  ensure  a  safe  outcome 
for  the  patient.  Interactions,  chemical  or  physical  types,  occur  more  frequently  between 
excipient  and  API  than  between  excipients.  The  physical  type  of  interaction  can  modify 
as  an  example  the  rate  of  dissolution  or  the  uniformity  of  the  dosage  and,  ultimately,  bio¬ 
availability.  The  chemical  type  of  interaction  can  lead  to  the  degradation  of  the  API  and/ 
or  the  occurrence  of  impurities.  The  most  frequent  chemical  reaction  is  hydrolysis,  mainly 
because  water  is  the  preferred  solvent  in  liquid  formulations.  Less  frequent  but  other  pos¬ 
sible  reactions  are  isomerization,  photolysis,  and  polymerization.  These  reactions  can 
lower  the  title  of  the  API  and  lead  to  dangerous  impurities.  As  well,  ionizable  API  may 
react  with  ionized  soluble  excipients  giving  rise  to  the  formation  of  insoluble  products 
(Narang  et  al.,  2009). 

As  a  way  to  counter  the  issues,  the  use  of  binary  mixing  is  a  very  common  method.  In 
binary  mixtures,  there  is  an  excipient  mixture  with  an  appropriate  proportion  of  API, 
which  can  be  taken  with  or  without  the  addition  of  water,  where  the  dosage  form  is  sub¬ 
ject  to  isothermal  stress  testing  (1ST)  conditions  (Walsh  et  al.,  2014).  The  compatibility 
analysis  is  implemented  after  the  mixture  has  been  subjected  to  those  conditions  and  it 
can  be  analyzed  by  high-performance  liquid  chromatography  (HPLC).  Differential  scan¬ 
ning  calorimetry  (DSC)  and  thermogravimetric  analysis  can  also  be  used  to  evaluate  it. 
DSC  is  one  of  the  chosen  methods  to  evaluate  the  interactions  of  pharmaceutical  excipi¬ 
ents  because  it  allows  a  rapid  screening  of  incompatibility  arising  from  the  appearance  of 
deviations  from  the  normal  state,  the  absence  of  peaks  and  variations  in  the  correspond¬ 
ing  DH,  using  minimum  sample  size  (around  2—5  mg)  when  compared  with  the  other 
methods.  The  1ST  should  always  confirm  DSC  data  but  this  last  analysis  is  generally  a 
time-consuming  technique  and  involves  a  subsequent  quantitative  analysis,  which  can 
resort  to  HPLC  (Knopp  et  al.,  2016). 
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2.6  QUALITY  BY  DESIGN  APPROACH  IN  EXCIPIENT  SELECTION 


Over  the  past  few  years,  global  regulatory  authorities  have  been  raising  the  expectation 
of  incorporating  quality  by  design  (QbD)  into  pharmaceutical  development.  While  QbD 
offers  many  important  long-term  benefits,  these  expectations  are  having  a  dramatic  impact 
on  product  development  groups  and  their  supporting  corporate  informatics  infrastructure. 
This  section  discusses  how  QbD  requirements  for  risk  assessment,  process  assessment, 
material  assessment,  documentation,  and  traceability  can  be  addressed  with  informatics, 
using  development  of  an  impurity  control  strategy  as  an  example  (Lawrence  et  al.,  2014). 

One  of  the  major  impacts  of  using  QbD  principles  in  process  development  is  the 
requirement  to  establish  an  acceptable  quality  target  product  profile  (QTPP).  Establishing 
the  QTPP  is  accomplished  through: 

•  evaluation  of  input  material  quality  attributes  (MQA) 

•  evaluation  of  the  quality  impact  of  critical  process  parameters  (CPP) 

•  consolidated  evaluation  of  every  MQA  and  CPP  for  all  input  materials  and  unit 
operations  (Martin-Moe  et  al.,  2011) 

MQA  assessment  requires  the  careful  consideration  of  input  materials  to  ensure  that 
their  physical /(bio)  chemical  properties  or  characteristics  are  within  appropriate  limits, 
ranges,  or  distributions.  Furthermore,  for  CPP  assessment,  unit  operation  process  parame¬ 
ter  ranges  must  be  evaluated  to  determine  the  impact  of  parameter  variability  on  product 
quality.  The  contribution  of  each  unit  operation  in  any  pharmaceutical  or  biopharmaceuti- 
cal  manufacturing  process,  whether  it  is  synthetic  steps  in  a  chemical  process  (e.g.,  filter¬ 
ing,  stirring,  agitating,  heating,  chilling)  or  product  formulation  (e.g.,  impurity  control), 
must  be  assessed  (Anderson  et  al.,  2017). 


2.7  SAFETY  ASSESSMENT  OF  EXCIPIENTS:  US  FDA  PERSPECTIVE 


Excipients  constitute  about  90%  of  the  total  volume  of  a  medicine,  and  as  such  the 
probability  of  changing  the  API's  molecular  structure  is  very  high  if  the  manufacturing  or 
transport  conditions  are  not  appropriate.  Thus,  global  regulatory  agencies  require  routine 
testing  of  pharmaceutical  excipients  to  ascertain  and  verify  the  identity,  purity,  traceabil¬ 
ity  of  batches  at  any  moment,  resistance,  and  quality  that  have  become  essential  for  the 
production  of  safer  and  more  effective  medicines.  The  manufacturer  must  evaluate 
the  safety  of  excipients  before  their  access  to  the  pharmaceutical  market.  Fortunately,  the 
intrinsic  toxicity  of  excipients  is  becoming  much  rarer  because  they  are  usually  chosen 
from  among  the  materials  noted  for  being  very  nearly  pharmacotoxicologically  inert 
(Osterberg  and  See,  2003). 

When  a  new  excipient  is  introduced  in  the  pharmaceutical  market,  it  is  subject  to  safety 
testing  methods  that  are  required  and  mandatory  for  each  regulatory  agency.  Both  experts 
and  agencies  use  test  methods,  where  the  priority  lies  with  the  methods  already  validated 
with  reliable  safety  results,  which  can  be  used  as  an  alternative  to  preclinical  in  vivo 
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assays.  In  all  cases,  the  excipient's  safety  test  methods  should  respect  the  Guiding 
Principles  on  the  Use  of  Animals  in  Toxicology  as  well  as  the  Good  Laboratory  Practice 

(Abrantes  et  al.,  2016). 

The  FDA  has  an  excipient  database  for  consultation,  the  Inactive  Ingredient  Database, 
where  it  is  possible  to  consult  the  excipient's  historical  precedence  of  use.  When  there  are 
several  monographs  published  for  a  particular  excipient,  all  test  methods  described  must 
be  carried  out  and  the  results  should  be  in  accordance  with  what  is  described  in  these 
compendiums,  to  guarantee  excipient  quality.  When  there  are  no  monographs,  the  manu¬ 
facturer  must  perform  test  methods  that  are  similar  to  other  monographs  and  obtain 
comparable  results.  In  this  last  case,  test  methods  should  always  be  validated,  according 
to  ICH  Q2  Validation  Guidance,  and  must  conform  with  the  existing  compendiums 
(Elder  et  al.,  2016). 


2*8  EXCIPIENTS  IN  THE  LABEL  AND  PACKAGE  LEAFLET  OF 
MEDICINAL  PRODUCTS  FOR  HUMAN  USE 


As  per  the  guideline  of  European  Commission  (2001  /83/EC),  all  excipients  in  paren¬ 
teral,  ophthalmic,  and  topical  medicinal  products  must  appear  on  the  labeling.  Topical 
medicinal  products  can  be  taken  to  include  those  medicinal  products  applied  externally  to 
the  skin,  respiratory  products  delivered  to  the  lung  by  inhalation,  and  any  medicinal  prod¬ 
uct  delivered  to  the  oral,  nasal,  rectal,  or  vaginal  mucosae,  that  is,  where  the  delivery  may 
be  local  or  transdermal.  For  all  other  medicinal  products,  only  those  excipients  known  to 
have  a  recognized  action  or  effect,  included  in  the  Commission's  guideline,  should  be 
declared  on  the  labeling.  Such  excipients  are  listed  in  the  Annex.  When  a  medicinal  prod¬ 
uct  contains  any  of  these,  the  name  of  the  excipient  must  be  stated  on  the  labeling, 
together  with  a  statement  such  as  "see  leaflet  for  further  information"  (Patel  et  al.,  2016). 

Moreover,  all  of  the  excipients  must  be  stated  on  the  package  leaflet  by  name.  Thus,  all 
excipients,  as  indicated  in  the  section  on  Definitions  and  Examples  above,  should  be 
declared  according  to  the  nomenclature  defined  in  this  guideline.  In  line  with  the  provi¬ 
sions  of  Article  59(l)(c)  4th  and  7th  indents  of  Directive  2001 /83/EC,  the  fourth  column 
in  the  Annex  provides  information  corresponding  to  each  excipient.  The  text  of  this  infor¬ 
mation  is  in  clear  and  understandable  terms  for  the  patient  (Serajuddin,  2007). 

However,  taking  into  account  that  applicants  may  have  different  house  styles  for  their 
package  leaflets,  it  is  not  required  that  the  information  in  the  Annex  should  be  applied 
verbatim  to  the  package  leaflet,  so  applicants  may  choose  their  own  style  to  present  this 
information  to  the  patient,  for  example,  in  a  direct  or  indirect  style.  The  content  or  mean¬ 
ing  of  the  text  must  not  be  changed.  When  a  warning  or  information  statement  is  required 
according  to  the  Annex,  it  must  be  clear  in  the  package  leaflet  and  SPC  that  the  statement 
is  linked  to  the  presence  of  a  particular  excipient.  The  patient  should  not  be  left  in  any 
doubt  as  to  whether  the  warning  relates  to  the  excipient  or  the  active  substance.  For  some 
of  the  excipients  in  the  Annex,  the  information  to  be  included  in  the  package  leaflet  may 
relate  to  more  than  one  section  of  the  leaflet,  for  example,  effects  on  the  ability  to  drive 
and  operate  machinery,  pregnancy,  and  lactation,  undesirable  effects.  To  simplify  the  pre¬ 
sentation  of  the  package  leaflet,  this  information  should  appear  only  once.  However, 
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so  the  patient  does  not  miss  important  and  relevant  information,  it  may  be  necessary  to 
refer  back  to  the  excipient  warnings  section  from  other  sections  in  the  package  leaflet.  For 
example  in  the  case  of  ethanol,  it  will  be  necessary  to  refer  back  to  the  excipient  warnings 
section  from  those  sections  relating  to  effects  on  the  ability  to  drive,  pregnancy  and  lacta¬ 
tion,  information  for  children,  etc.  (Cope,  2015). 


2*9  CONCLUSION 


Excipients  as  an  indispensable  part  of  pharmaceutical  products  must  be  chosen  care¬ 
fully  in  considering  the  required  properties  in  the  final  formulation.  The  selection  of 
suitable  excipient  varies  from  dosage  form  to  dosage  form.  As  per  the  US  Pharmacopoeia- 
National  Formulary  (USPNF),  excipients  for  semisolid  dosage  form  are  categorized  on  the 
basis  of  their  functions  in  the  formulation,  such  as  structure-forming  excipients,  preserva¬ 
tives,  antioxidants,  solubilizers,  gelling  agents,  emollients,  bases  (creams /ointments /sup¬ 
positories),  etc.  As  new  excipients  emerge,  it's  important  to  recognize  their  potential  use  in 
various  complex  delivery  systems.  The  safety  assurance  of  excipients  helps  the  formulator 
to  design  an  effective  and  safe  dosage  form  with  the  use  of  efficient  and  safe  excipients. 
Thus,  for  an  excipient  to  be  in  a  formulation  it  must  be  highly  stable,  safe  and  efficacious, 
and  above  all,  it  must  comply  with  the  expected  performance  in  the  formulation. 
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Abbreviations 

API 

active  pharmaceutical  ingredient 

ASD 

amorphous  solid  dispersion 

CAS 

chemical  abstract  service 

cGMP 

current  good  manufacturing  practice 

CMC 

carboxymethylcellulose 

co2 

carbon  dioxide 

CPP 

critical  process  parameters 

DDS 

drug  delivery  systems 

DMSO 

dimethyl  sulfoxide 

DNA 

deoxyribonucleic  acid 

DSC 

differential  scanning  calorimetry 

EDTA 

ethylenediaminetetraacetic  acid 

FCC 

functionalized  calcium  carbonate 

FDA 

Food  and  Drug  Administration 
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FDASIA  Food  and  Drug  Administration  Safety  and  Innovation  Act 

FDC  fixed  dose  combination 

FMD  falsified  medicines  directive 

GMP  good  manufacturing  Practise 

HLB  hydrophilic— lipophilic  balance 

HMC  hydroxy  methylcellulose 

HPLC  high-performance  liquid  chromatography 

HPMC  hydroxypropyl  methylcellulose 

ICH  International  Council  for  Harmonization 

IDL  import  drug  license 

IPEC  International  Pharmaceutical  Excipients  Council 

1ST  isothermal  stress  testing 

MQA  material  quality  attributes 

MR  modified  release 

NCE  new  chemical  entities 

NF  national  formulary 

N02  nitrogen  oxide 

ODTs  orally  disintegrating  tablets 

PEG  polyethylene  glycol 

PG  propylene  glycol 

PVP  polyvinyl  pyrrolidone 

QbD  quality  by  design 

QTPP  quality  target  product  profile 

RNA  ribonucleic  acid 

SPC  statistical  process  control 

USP  US  pharmacopoeia 

USPNF  US  Pharmacopoeia-National  formulary 

WHO  World  Health  Organization 
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3.1  UNDERSTANDING  POLYMER  AND  POLYMER  SCIENCE 


3.1.1  What  Are  Monomers  and  Polymers? 

The  word  monomer  is  a  derivative  of  a  Greek  term  mono ,  which  means  "one"  and  the 
term  meros,  which  means  "part."  It  can  be  defined  as  an  individual  network  of  atom/s  or 
some  discrete  molecule /s  united  together  chemically  to  analogous  monomers  to  form  a 
polymer.  The  ensuing  product,  the  polymer,  can  be  defined  as  a  network  of  recurring 
structural  units  binding  each  other  chemically;  this  phenomenon  is  known  as  polymeriza¬ 
tion,  which  means  a  process  in  which  two  monomeric  units  link  together  by  sharing  elec¬ 
trons,  for  example,  glucose  (monomer)  is  linked  via  glycosidic  bonds  and  results  in  the 
formation  of  cellulose  and  starch  (Gandini  and  Lacerda,  2015)  (Fig.  3.1). 


3.1.2  Historical  Aspect 

Polymer  development  was  begun  in  1833  by  Jons  Jakob  Berzelius  who  coined  the  term 
polymer;  from  this  time  to  1900  the  realization  of  a  new  material  group  developed.  From 
1900  to  1930  plastic  technology  was  born,  and  from  1930  to  1950  plastics  gained  importance 
as  substitute  materials.  The  era  of  1950  to  1970  was  considered  the  "Plastics  Age,"  then  from 


Polymerisation 


Monomers 


Polymers 


FIGURE  3.1  Illustration  of  monomers  and  polymers. 
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1970  onward  polymers  have  gained  importance  and  use  continuously  in  a  variety  of  drug 
delivery  applications.  With  an  increase  in  understanding  of  the  structure  of  these  materials, 
there  was  enormous  development  in  the  technology  of  polymers  (Rizwan  et  al.,  2017). 

Polymers  are  used  in  a  variety  of  areas  including  drug  delivery  development  to  general 
applications;  current  applications  extends  from  coatings,  adhesives,  foams,  and  packaging 
materials  to  industrial  fibers  and  textile,  electronic  devices,  composites,  biomedical 
devices,  optical  devices,  and  novel  approaches  in  drug  delivery  aspects  (Rasmussen,  2017). 
Nobel  Prizes  related  to  polymer  science  are  listed  in  Table.  3.1. 


3.1*3  States  of  Matter  and  Bonding  in  Polymer  Materials 

Polymeric  bonds  are  of  two  types:  primary  and  secondary  bonds  (Fig.  3.2).  The  primary 
bonds  are  relatively  stronger  than  the  secondary  ones.  These  bonds  appears,  in  nearly  the 
whole  solid  materials,  for  example,  covalent,  ionic,  and  metallic  bonds  and  secondary 
bonds,  for  example,  water  alongside  the  primary  bonds,  for  example,  van  der  Waals  forces 
and  hydrogen  (Lutz  et  al.,  2016). 


TABLE  3.1  Nobel  Prizes  Related  to  Polymer  Science 


Year  Areas  Researcher 


Nobel  Prize 


1953  Chemistry 

1963  Chemistry 

1974  Chemistry 
1991  Physics 


Hermann  Staudinger 

Giulio  Natta  and  Karl  Ziegler 

Paul  J.  Flory 
Pierre-Gilles  de  Gennes 


2000  Chemistry  Alan  G.  MacDiarmid,  Alan  J. 

Heeger,  and  Hideki  Shirakawa 


Contributions  towards  an  understanding  of 
macromolecular  chemistry 

Contributions  towards  polymer  synthesis.  (Ziegler— Natta 
catalysis) 

Contributions  towards  theoretical  polymer  chemistry 

Contributions  towards  developing  a  generalized  theory  of 
phase  transitions  with  particular  applications  to  describing 
ordering  and  phase  transitions  in  polymers 

Contributions  towards  conductive  polymers,  contributing 
to  the  advent  of  molecular  electronics 


2002  Chemistry  John  Bennett  Fenn,  Koichi 
Tanaka,  and  Kurt  Wiithrich 


Contributions  towards  the  development  of  methods  for 
identification  and  structure  analyses  of  biological 
macromolecules 


2005  Chemistry  Robert  Grubbs,  Richard  Schrock,  Contributions  towards  olefin  metathesis 
Yves  Chauvin 


FIGURE  3.2  Bonding 
polymer  materials. 
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3.1*4  Concept  of  Long  Chain  Structure  and  Macromolecules 


The  term  polymer,  as  previously  mentioned,  derives  from  the  Greek  words  poly  and 
meros,  meaning  many  parts.  The  covalent  bonds  are  the  intramolecular  forces  that  keep  the 
polymer  molecule  intact.  In  addition,  the  usual  type  of  intermolecular  forces — hydrogen 
bonds,  dipole— dipole  interactions,  and  London  forces — hold  assemblies  of  these  molecules 
together  in  the  bulk  state  (Payamyar  et  al.,  2016). 

Since  polymer  molecules  are  made  up  of  chains  of  repeating  units,  after  the  chain  itself 
comes  the  repeat  unit  as  a  structural  element  of  importance.  Many  polymer  molecules  are 
produced  by  covalently  bonding  together  only  one  or  two  types  of  repeating  units.  These 
units  are  the  parts  from  which  chains  are  generated;  as  a  class  of  compounds,  they  are 
called  monomers  (Altintas  and  Barner-Kowollik,  2016). 

The  degree  of  polymerization  of  a  polymer  is  simply  the  number  of  repeat  units  in  a 
molecule.  The  degree  of  polymerization  "n"  is  given  by  the  ratio  of  the  molecular  weight 
of  the  polymer  to  the  molecular  weight  of  the  repeat  unit  (Eq.  3.1); 


M 


n  = 


MO 


(3.1) 


Whilst  two  or  more  dissimilar  monomeric  units  combine  together  to  get  polymer¬ 
ize,  the  resultant  product  is  known  as  a  copolymer  and  the  phenomenon  is  known 
as  copolymerization  (Muthukumar,  2016).  On  the  basis  of  constitute  structural  units 
these  copolymers  may  be  classified  on  the  basis  of  arrangement  units  along  the 
chain. 


•  Alternating  copolymers  with  regular  alternating  A  and  B  units 

for  example,  A-B-A-B-  A-B-A-B-  A-B-A-B-  A-B-A-B-  A-B-A-B-  A-B-A-B 

•  The  periodic  copolymers  containing  A  and  B  units  organized  as  repeating  manner 

for  example,  (A-B-A-B-B-A-A-A-A-B-B-B)n 

•  Statistical  copolymers  are  defined  as  the  copolymers  in  which  the  arrangement  of 
monomeric  residue  follows  a  statistical  rule.  If  there  is  the  possibility  of  locating  a  given 
category  of  monomeric  residue  at  a  certain  point  in  the  chain,  it  will  be  equivalent  to 
the  mole  fraction  of  the  monomeric  residue  in  the  chain;  these  are  termed  the  random 
copolymer: 

for  example,  A-B-B-B-B-B-A-B-A-B-B-B-B-B 

•  Block  copolymers:  These  are  the  union  of  homopolymers  subunits  units  via  covalent 
bonds. 

for  example,  A-A-A-A-A-A-A-A-B-B-B-B-B-B-B-B-B-A-A-A-A-A-A-A 

Block  polymers  require  a  junction  block  (an  intermediate  nonrepeating  subunit)  for  con¬ 
firming  the  union.  Block  copolymers  in  which  two/three  distinct  blocks  are  present  are 
known  as  diblock  copolymers  or  triblock  copolymers  (Carraher,  2017). 

The  monomers  join  this  pattern  to  form  a  chain-like  network  so  as  to  convert  in  long 
polymeric  chains  are  presumed  to  be  three  dissimilar  conformations  in  its  molten  state. 
These  long  chains  may  coil  into  balls  so  as  to  form  a  globular  network.  They  can  presume 
entirely  asymmetric  messy  patterns,  become  intermingled,  or  can  surmount  progressively 
a  firm  order  by  analogous  chain  segments  (Leibler  et  al.,  2015). 
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Polymers  are  macromolecules  that  are  formed  by  coordination  of  covalent  bonds  among 
the  same  or  different  structural  units.  As  polymerization  does  not  take  place  under  ordi¬ 
nary  conditions,  therefore,  steps  should  be  noted  such  as  under  what  circumstances  a 
polymer  is  formed,  the  property  of  the  polymer,  and  the  desired  purpose.  As  monomers 
are  competent  for  polymerizing  either  in  solid,  liquid,  or  gaseous  phase  (Umeyama  et  al., 
2015).  The  high  molecular  weight  polymer  cannot  remain  stable  under  these  conditions  to 
maintain  them  in  gaseous  state.  Some  of  the  polymer  reactions  are  referred  to  as  gas-phase 
reactions,  because  the  reactants  and  the  low  molecular  weight  polymers  formed  in  the  first 
stage  may  be  present  as  gases.  Solid-phase  polymerization  can  also  be  carried  out  but  the 
process  is  impracticable  as  the  rates  very  slow  (Plesch,  2016). 

Large  molecules  (macromolecule)  such  as  proteins  are  resultant  by  the  polymerization 
of  monomeric  subunits.  Macromolecules  are  those  formed  as  a  result  of  the  union  of 
repeating  structural  units,  which  occurs  at  a  very  large  scale.  The  majority  of  macromole¬ 
cules  in  biochemistry  are  biopolymers  (proteins,  lipids,  carbohydrates,  and  nucleic  acid) 
and  large  nonpolymeric  molecules  (such  as  macrocycles  and  lipids)  play  a  vital  role. 
Synthetic  macromolecules  such  as  plastics  and  synthetic  fibers  are  utilized  for  a  variety  of 
applied  fields  (Rodriguez  et  al.,  2014). 


3.1*5  Length  to  Diameter  Ratio 

Length  to  diameter  (L/D)  ratios  of  polymeric  systems  are  remarkably  high  as  compared 
with  the  constituting  monomeric  units.  For  example,  in  the  case  of  monomers  such  as  sty¬ 
rene  molecules  they  are  represented  by  a  dot  (*),  while  when  these  monomeric  units  unite 
to  form  polymers  such  as  polystyrene  of  DP  of  1000  then  they  will  be  represented  by  a 
line  (— )  formed  by  decisive  union  or  bonding  of  1000  dots  in  a  linear  fashion.  This  diver¬ 
gence  in  the  L/D  ratio  between  a  monomer  (small)  molecule  and  a  polymer  or  a  higher 
polymeric  molecule  makes  all  the  distinction  in  their  physical  and  mechanical  properties 
(Baird  and  Collias,  2014). 


3.2  CHEMISTRY  AND  SYNTHESIS  PROTOCOLS 


Polymerization  is  regarded  as  a  stratagem  of  reacting  monomeric  units  via  chemical 
reaction  resulting  in  the  formation  of  polymeric  chains  or  3-dimensional  networks.  There 
are  numerous  forms  of  polymerization  techniques  used  in  their  synthesis  such  as 

(Corrigan  et  al.,  2016): 


3.2.1  Step-Growth  Polymerization 

Step-growth  polymerization  is  regarded  as  a  polymerization  technique  wherein  the 
bifunctional /multifunctional  monomers  react  together  and  convert  them  first  as  dimers 
followed  by  trimers,  longer  oligomers,  and  eventually  long  chained  polymers.  Numerous 
natural  and  a  number  of  synthetic  polymers  are  formed  by  this  mechanism,  for  example, 
polyurethanes  polyamides,  polyesters,  etc.  Depending  on  polymerization  mechanism. 
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a  high  degree  of  reaction  is  requisite  for  attaining  high  molecular  weight  polymers.  Step- 
growth  polymerization  can  be  easily  visualized  as  a  group  of  people  forming  a  human 
chain;  there  are  two  reactive  sites  like  each  person  has  two  hands.  In  the  case  of  branched 
polymers,  they  have  the  possibility  for  more  than  two  reactive  sites  on  a  monomeric  unit 

(Koltzenburg  et  al.,  2017). 

The  first  natural  polymers  were  condensation  polymers.  The  synthesis  of  a  synthetic 
polymer  such  as  Bakelite  was  introduced  by  Leo  Baekeland  early  in  the  19th  century,  via  a 
typical  step-growth  polymerization  mechanism  of  phenol  and  formaldehyde.  Later 
Wallace  H.  Carothers  and  coworkers  in  1930s  developed  a  new  technique  for  generation 
of  polyesters  through  step-growth  polymerization  (Yokozawa  and  Ohta,  2015). 

Step-growth  polymerization  and  condensation  polymerization  are  two  diverse  methods 
in  nature.  Certainly,  polyurethane  polymerizes  by  addition-polymerization  as  its  polymeri¬ 
zation  produces  no  small  molecules;  however,  the  reaction  mechanism  is  considered  as 
step-growth  polymerization  (Koltzenburg  et  al.,  2017). 


3*2*2  Chain  or  Addition  Reaction 

Chain  polymerization  or  chain-growth  polymerization  is  a  technique  that  involves 
the  addition  of  unsaturated  monomeric  units  at  the  active  site  of  a  growing  polymeric 
chain.  The  expansion  of  the  polymeric  chain  is  observed  only  at  the  terminal  end  (or 
possibly  ends).  On  adding  up  each  monomeric  unit  it  revivifies  the  active  site  (Keddie, 
2014).  The  mechanism  of  chain-growth  polymerization  involves  addition  of  an  excited 
species  (initiator  or  active  center)  to  monomeric  moiety  to  generate  a  new  active  center 
known  as  a  propagation  step,  which  leads  to  addition  of  an  additional  monomeric  unit 
so  as  to  revivify  the  active  site  and  so  on,  similar  to  the  progression  of  a  chemical  chain 
reaction.  For  example,  polyethylene,  polyvinyl  chloride,  and  polypropylene  are  com¬ 
mon  types  of  products  obtained  through  chain-growth  polymerization  (Carraher,  2017). 
This  technique  is  usually  compared  with  chain-growth  polymerization  to  show  its 
characteristics  (Table.  3.2). 


3*2*3  Ring-Opening  Polymerization 

Ring-opening  polymerization  is  analogous  to  chain-growth  polymerization,  wherein  the 
terminal  ends  of  a  backbone  chain  serve  as  an  initiator  on  which  cyclic  monomeric  units 
act  upon  leading  to  the  opening  of  the  ring  system  so  as  to  generate  a  longer  polymeric 
chain.  The  nucleus /core  may  be  radical,  cationic,  or  anionic.  Monomers  such  as  cycloocta- 
diene  or  norbornene  (cyclic  monomers)  are  polymerized  to  result  in  high  molecular  weight 
polymers  via  metal  catalysts.  It  is  a  most  multifaceted  technique  of  synthesis  of  numerous 
biopolymers;  principally  when  they  are  required  in  large  quantity,  these  allow  production 
of  polymers  of  the  same  or  lesser  density  than  the  constituting  monomers  (Tan,  2018). 

Additionally,  radical  ring-opening  polymerization  is  an  obliging  tool  to  for  incorporat¬ 
ing  the  functional  group  in  the  backbone  chain  of  resultant  polymers,  which  is  unfeasible 
with  conventional  chain-growth  polymerization.  Examples  of  monomers  with  this  type  of 
polymerization  include  methylene  substituted  cyclic  monomers,  Spiro  monomers  (which 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


3.2  CHEMISTRY  AND  SYNTHESIS  PROTOCOLS  9 1 

TABLE  3.2  Differences  Between  Step 'Growth  Polymerization  and  Chain' Growth  Polymerization 


Step-Growth  Polymerization 

Chain-Growth  Polymerization 

Chain  growth  observed  all  over  the  matrix 

Chain  growth  observed  due  to  the  addition  of  monomer  only 
at  one  end  or  both  ends  of  the  chain 

There  is  the  immediate  utilization  of  monomers 
early  in  the  reaction 

There  are  some  monomers  leftover,  however  at  long  reaction 
times 

Throughout  the  reaction  process,  similar 
repeating  steps  observed 

Stages  of  polymerization  on  the  progression  of  the  process 
(i.e.,  initiation,  propagation,  termination,  followed  by  chain 
transfer  mechanism) 

Molecular  weight  increases  gradually  to  obtain  a 
high  chain  length  at  low  conversion  rate 

Molar  mass  of  the  parent  chain  increases  swiftly  at  the 
beginning  stage  then  become  constant  throughout  the 
polymerization 

Terminal  ends  remain  active  (no  termination 
observed) 

Terminal  ends  become  inactive  after  termination  of  the 
process 

No  initiator  requisite  to  start  the  process 

Initiator  required  to  start  the  process 

undergo  double  ring-opening)  and  vinyl  substituted  bicyclo.OObutanes,  cyclic  monomers 

(Goethals,  2018). 


3*2*4  Controlled  Radical  Polymerization 

Controlled  radical  polymerization  involves  a  controlled  and  incomparable  prospect  in 
materials  design  including  the  capability  to  produce  organic  or  inorganic  composites,  bio¬ 
conjugates,  and  surface-tethered  copolymers.  The  generation  of  these  types  of  functional 
polymers  with  preset,  precise  structures  allows  the  manufacturers  to  boost  the  properties 
of  materials  presently  in  use  so  that  the  manufacturing  and  processing  state  uniquely  meet 
the  targeted  properties  of  the  materials  (Ambade,  2017). 

There  are  several  methods  developed  for  controlled  radical  polymerization.  The  two 
most  common  are  (1)  stable  free  radical  polymerization  (SFRP)  (most  commonly  nitr oxide 
mediated  polymerization),  and  (2)  transition  metal— catalyzed  atom  transfer  radical  poly¬ 
merization  (ATRP)  and  reversible  addition-fragmentation  chain  transfer  (RAFT)  polymeri¬ 
zation  (Pan  et  al.,  2016). 


3*2*5  Incorporation  in  Single-Walled  Carbon  Nanotubes 

The  single- walled  carbon  nanotubes  (SWCNTs)  are  nanomaterials  that  are  structurally 
hollow,  long  cylinders  with  exceedingly  large  aspect  ratios.  They  are  made  up  of  an 
atomic  sheet  of  carbon  atoms  appearing  as  a  honeycomb  web  (Tekade  et  al.,  2017a).  They 
boast  astonishing  thermal,  electrical,  and  mechanical  properties  and  thus  are  regarded  as 
the  best  nanomaterials  (Derenskyi  et  al.,  2017). 
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33  CLASSIFICATION  OF  POLYMERS 


Polymers  can  be  classified  on  the  basis  of  several  prospects  because  of  their  variant 
usage,  behaviors,  and  structures.  Thus,  these  can  be  classified  on  the  basis  of  the  following 
considerations  (Fig.  3.3). 


33*1  Based  on  Origin 

Polymers  can  be  classified  as  natural  polymers  obtained  from  either  plant  or  animal 
sources;  these  are  regarded  as  a  renewable  resource.  Most  of  these  are  compatible,  espe¬ 
cially  those  derivatives  from  materials  found  in  animal  or  human  bodies.  Natural  poly¬ 
mers  are  biodegradable  and  are  abundantly  available  and  environmentally  friendly.  In 
recent  times,  they  are  gradually  more  adapted  for  replacement  of  synthetic  polymers 
among  industrial  applications.  Mostly  these  are  hydrophilic  in  nature  and  increase  the 
speed  of  degradation  in  biofluids.  However,  this  moisture  sensitivity  limits  their  applica¬ 
tion  (Campbell  et  al.,  2014). 

Among  the  natural  polymers,  polysaccharides  and  proteins  are  the  best  candidates  due 
to  their  abundance  in  the  environment,  for  example,  rubber,  cellulose,  protein,  etc. 


Based  on  solid  state 

Based  on  origin 

•  Crystalline  Polymers 

•  Natural  polymer 

e.g.  polyethylene,  polypropylene,  nylon, 

e.g.  natural  rubber,  cellulose,  starch,  proteins 

acetal,  polyethersulfone,  and 

•  Semi  synthetic  polymer 

polyetheretherketone 

e.g.  Cellulose  acetate,  cellulose  nitrate 

•  Amorphous  Polymers 

•  Synthetic  polymer 

e.g.  polystyrene,  polycarbonate, 

e.g.  Nylon,  terylene,  polyethylene,  polystyrene, 

polysulfone,  polyetherimide 

teflon 

Based  on  tacticity  f  X. 

•  Isotactic  polymer  /  \ 

e.g.  Polypropylene,  polystyrene  /  \ 

•  Syndiotactic  /  \ 

e.g.  Gutta  percha  I 

•  Atactic:  e.g.  Polyvinyl  chloride  Classification  of 

Based  on  thermal  response 

•  Thermoplastics  polymers 
e.g.  Polyethylene,  polystyrene,  PVC 
•  Thermosetting  polymers 
l  e.g.  Bakelite,  melamine  formaldehyde, 

resin 

Based  on  properties  and  application! 

•  Biodegradable  polymer  V  J 

e.g.  PEA,  PLGA,  PCL,  PEA  \  / 

•  Non-biodegradable  polymer  \  / 

e.g.  polyethylene,  polystyrene,  Y,  -J 

polycarbonates 

Based  on  mode  of  formation 

•  Addition  polymer 
e.g.  Teflon,  polyethyelene, 
polypropylene 
•  Condensation  polymer 
e.g.  Polyamides,  Polyesters 

Based  on  line  structure 

•  Linear  polymer 

e.g.  HDPE,  Nylon,  polyvinyl  chloride 
•  Branched  polymer 
e.g.  LDPE,  LLDPE 
•  Cross  linked  polymer 
e.g.  Bakelite,  melamine,  vulcanized  rubber 


FIGURE  3.3  Classification  of  polymers. 
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(Tekade  et  alv  2017b).  They  can  be  divided  into  polypeptides,  sugars,  and  nucleic  acids. 
Semisynthetic  polymers  are  obtained  from  naturally  occurring  polymers  and  undergo  fur¬ 
ther  chemical  modification,  for  example,  plastic,  PVC,  etc.  (Shit  and  Shah,  2014). 

Synthetic  polymers  are  manmade  polymers  obtained  from  natural  sources  and  undergo 
further  chemical/ physical  treatment  before  attaining  their  final  form.  Plastics  are  prevalent 
and  extensively  used  synthetic  polymers.  They  are  used  in  industries  and  various 
products,  for  example.  Rayon,  Terylene,  etc.  (Maitz,  2015). 


3*3*2  Based  on  the  Thermal  Response 

On  the  basis  of  thermal  response  polymers  can  be  classified  as  thermoplastic  polymers 
and  thermosetting  polymers.  Thermoplastics  polymers  become  soft  on  the  application  of 
heat  and  thus  can  be  molded  into  the  desired  shape/ size  or  structure,  properties  includes: 

These  generally  softened  upon  heating  and  hardened  on  cooling;  do  not  have  any  cross 
bond,  therefore,  can  be  easily  converted  to  any  shape,  for  example,  polystyrene,  polyethyl¬ 
ene,  polypropylene,  PVC  (Dai  et  al.,  2015). 

Thermosetting  polymers  have  their  individual  chains  bonded  covalently  during  poly¬ 
merization,  or  by  application  of  heat  or  chemical  treatment.  Once  set,  their  shape  cannot 
be  changed.  They  resist  subsequent  mechanical  deformation  or  heat  softening  or  solvent 
attack.  They  are  good  for  adhesive  purposes  and  coatings.  These  polymers  have  a  cross 
bond  due  to  which  they  become  hard  and  infusible,  and  unable  to  convert  to  another 
shape  upon  reheating.  Examples  are  fiberglass,  melamine,  Bakelite  (Nicholson,  2017). 


3*3*3  Based  on  the  Mode  of  Formation 

Addition  polymers  result  from  the  repeated  addition  of  monomer  molecules  to  the 
backbone  chain.  Small  particles  like  water,  HC1,  NH3,  etc.,  are  not  eliminated.  Monomeric 
units  are  generally  unsaturated  hydrocarbons.  An  example  is  vinyl  chloride  converted  to 
polyvinyl  chloride. 

Condensation  polymers  result  upon  repeated  condensation  amidst  bifunctional  or 
trifunctional  monomeric  units.  Small  particles  are  eliminated  like  water,  HC1,  NH3,  etc.,  in 
this  reaction.  An  example  is  Nylon-66  resultant  by  condensation  of  hexamethylenediamine 
and  adipic  acid  (Breyta  et  al.,  2017). 


3*3*4  Based  on  Line  Structure 

Linear  polymers  involve  monomers  that  are  joined  together  to  form  a  long  and  straight 
chain.  They  have  high  melting  points  and  high  density,  for  example,  polythene,  polyvinyl 
chloride,  high-density  polyethylene  (HDPE),  etc. 

Branch  chain  polymers:  monomers  joined  together  to  form  a  long  and  straight  chain 
with  some  branches.  They  have  low  melting  points  and  low  density,  for  example,  low- 
density  polyethylene  (LDPE),  etc.  (Usatenko  et  al.,  2017). 
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In  cross-linked  or  network  polymers,  the  bifunctional  and  trifunctional  monomeric  units 
intertwine  with  strong  covalent  bonds  between  various  linear  polymer  chains.  These  poly¬ 
mers  are  brittle  in  nature,  for  example,  Bakelite,  Melamine,  etc.  (Leibler  et  al.,  2018). 


3*3*5  Based  on  Properties  and  Application 

Biodegradable  polymers  have  the  ability  to  decompose  under  aerobic  or  anaerobic  con¬ 
ditions  by  virtue  of  microorganism  or  enzymes.  Commonly  used  polymers,  for  example, 
aliphatic  polyesters,  are  of  this  type,  for  example,  PL  A,  PLGA,  PCL,  etc.  (Mori  et  al.,  2017). 

Non-biodegradable  polymers,  do  not  degrade  on  contact  with  the  biofluids.  They  com¬ 
prise  of  long  chains  of  carbon  and  hydrogen  atoms,  interatomic  linkage  of  these  molecules 
is  inflexible,  and  they  are  strong  enough  for  microbes  to  digest  them.  Thus,  a  long  period 
is  required  for  decomposition  of  these  materials,  for  example,  low-density  polyethylene, 
branched  low-density  polyethylene  (LDPE),  linear  high-density  polyethylene  (HDPE), 
ultra-high  molecular  weight  polyethylene  (UHMWPE)  (Imazato  et  al.,  2017). 


3*3*6  Based  on  Tacticity 

Tacticity  (sequential  arrangement/order)  can  be  defined  as  the  stereochemical  arrange¬ 
ment  of  adjacent  chiral  centers  within  a  macromolecule.  The  degree  of  tacticity  depends 
upon  the  effects  of  the  physical  properties  of  the  polymeric  substance.  The  strategic 
arrangement  macromolecular  structure  leads  to  properties  such  as  rigidity,  crystalline/ 
amorphous  nature,  order  or  flexibility,  etc.  (Barouti  et  al.,  2017).  These  can  be  classed  as 
follows.  Isotactic  polymers  are  composed  of  monomeric  units  in  which  all  the  substituents 
are  positioned  on  the  identical  side  of  the  backbone  structure.  For  example,  polypropylene, 
an  isotactic  polymer  resulting  from  Ziegler— Natta  catalysis.  These  are  commonly  semi¬ 
crystalline  and  prone  to  helix  configuration,  for  example,  polypropylene,  polystyrene 
(Neuhaus  and  Ritter,  2015). 

In  syndiotactic  polymers  or  syntactic  macromolecules,  monomeric  units  are  arranged  in 
alternate  positions  down  the  chain.  These  consist  100%  of  racemodiads.  Polystyrene  (syndio¬ 
tactic  polymer)  resulting  from  metallocene  catalysis  polymerization,  obtained  in  the  crystal¬ 
line  state,  shows  a  sharp  melting  point  of  161°C,  for  example.  Guttapercha  (Park  et  al.,  2015). 

In  atactic  polymers  the  monomeric  units  are  arranged  randomly  along  the  backbone 
polymer  chain,  for  example,  polyvinyl  chloride  (Childers  et  al.,  2017). 


3*3*7  Based  on  Solid  State 

Amorphous  polymers  are  the  polymers  in  which  monomeric  units  are  randomly 
arranged  and  these  offer  flexibility  and  elasticity  to  the  structure,  for  example,  polycarbon¬ 
ate,  polystyrene.  Crystalline  polymers  are  those  that  are  generally  very  ordered,  and  due 
to  this,  they  are  stronger  and  more  rigid,  for  example,  diamond  (Xiao  and  Nguyen,  2015). 
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3*4  ANALYTICAL  TECHNIQUES  FOR  THE  CHARACTERIZATION 

OF  POLYMERS 


Characterization  is  defined  as  a  description  of  the  distinctive  nature  or  features  of  the 
article  being  used  for  some  specific  purpose.  The  characterizations  of  polymers  are  aimed 
to  improve  the  superiority  of  the  material.  The  characterization  techniques  are  the  mea¬ 
sures  that  determine  the  parameters  such  as  strength,  impermeability,  thermal  stability, 
and  optical  properties  of  the  material  (Shiono  et  al.,  2015)  (Yang  et  al.,  2015)  (Fig.  3.4). 


3*4*1  Mass  (Molecular  Weight) 

The  molecular  weight  of  the  polymeric  molecule  is  defined  as  the  average  mass  of  a 
molecule  in  a  polymeric  compound.  Generally,  the  polymer  molecules  will  have  a  variety 
of  molecular  weights  as  they  are  composed  of  many  monomeric  units;  this  phenomenon  is 
referred  to  as  polydispersity.  Therefore,  the  average  molecular  weight  is  measured  instead 
of  the  molecular  weight  of  the  individual  polymer  molecule.  Methods  such  as  static  light 
scattering  techniques,  colligative  property  measurements,  and  size  exclusion  chro¬ 
matographic  analysis  use  these  measurements  (Nicholson,  2017). 

Moreover,  osmometry  method  is  used  to  determine  the  molecular  mass,  which  depends 
on  colligative  properties,  meaning  that  the  number  of  dissolved  molecules  is  the  only  fac¬ 
tor  that  alters  the  properties  of  a  solution.  In  addition,  boiling  point  elevation,  osmotic 
pressure,  freezing  point  depression,  and  vapor  pressure  reduction  are  based  on  colligative 
properties.  In  average  molecular  weight  determination,  there  are  two  common  osmometry 
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Colligative  property  measurements 
Static  light  scattering  techniques, 
Viscometry,  and 
Size  exclusion  chromatography 


Molecular 

structure 
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Morphology 


Ultraviolet- visible  spectroscopy, 

Infrared  spectroscopy, 

Raman  spectroscopy, 

Nuclear  magnetic  resonance  spectroscopy, 
Electron  spin  resonance  spectroscopy, 
X-ray  diffraction,  and  mass  spectrometry 


•  X-ray  diffraction, 

•  Transmission  Electron  Microscopy, 

•  Scanning  Transmission  Electron  Microscopy, 

•  Scanning  Electron  Microscopy,  and 

•  Atomic  Force  Microscopy 
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Differential  thermal  analysis, 
Thermomechanical  analysis, 

Dynamic  mechanical  thermal  analysis,  and 
Dielectric  thermal  analysis 


•  Dynamic  mechanical  analysis 

•  Viscometry, 

•  Rheometry,  and 

•  Pendulum  hardness. 


FIGURE  3.4  Characterization  of  polymers. 
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techniques  used,  namely,  the  membrane  and  vapor  pressure  osmometry.  In  the  membrane 
osmometry  technique,  a  pure  solvent  and  polymer  solution  are  separated  by  a  semiperme- 
able  membrane.  Due  to  the  higher  chemical  potential  of  the  solvent  in  the  pure  solvent 
than  in  the  polymer  solution,  the  solvent  starts  moving  towards  the  polymer  solution.  An 
externally  applied  pressure  is  used  to  inhibit  this  movement;  when  the  net  flow  across  the 
membrane  is  zero,  the  applied  pressure  equals  the  osmotic  pressure.  When  polymer  sam¬ 
ples'  Mn  is  less  than  20,000  g/ mol,  the  vapor  pressure  osmometry  is  suited  for  analysis. 
Low  molecular  weight  molecules  diffuse  through  the  membrane  in  membrane  osmometry, 
making  this  method  not  very  efficient  for  the  determination  of  high  molecular  weight 
molecules. 


3*4*2  Polydispersity 

The  phenomenon  of  a  polymer  to  exhibit  more  than  one  molecular  weight  is  called  poly¬ 
dispersity.  It  allows  for  measurement  and  documentation  of  the  entire  distribution  of  molecu¬ 
lar  weights  (including  a  fraction  of  polymer  molecules  with  an  individual  molecular  weight). 
A  population  of  monomers  can  be  estimated  by  their  surface  area,  size,  and/ or  mass  distri¬ 
bution,  and  film  thickness  distribution  (Suzuki  et  al.,  2016).  It  is  an  easier  and  simpler  tech¬ 
nique  both  in  the  determination  and  in  the  resulting  information,  as  a  ratio  of  different 
molecular  weight  averages  (MW/Mn  or  MZ/MW).  Methods  such  as  size  exclusion  chroma¬ 
tography  and  viscometry  are  used  for  such  measurements  (Tehrani  et  al.,  2018). 


3*4*3  Size  (Radius  of  Gyration) 

It  is  defined  as  the  distance  measured  from  the  axis  of  rotation  to  the  point  where  the 
total  mass  of  the  polymeric  body  is  concentrated.  In  other  words,  it  is  regarded  as  a  distri¬ 
bution  of  the  monomeric  units  constituting  a  polymeric  body.  This  study  is  useful  in  the 
determination  of  the  size  of  the  polymeric  coil.  Methods  such  as  X-ray  diffraction,  electron 
spin,  mass  spectroscopy,  resonance  spectroscopy,  and  Raman  spectroscopy  are  utilized  in 
these  measurements  (Dunstan,  2018). 


3*4*4  Degree  of  Association 

The  fractions  of  polymeric  molecules  dissociate  into  constituting  monomeric  molecules 
or  other  components  or  the  ratio  of  the  normal  to  the  observed  molecular  masses  of  the 
polymeric  components  is  regarded  as  the  degree  of  association.  It  can  be  defined  as  the 
dissociation  product  obtained  via  polymer  dissociation  to  its  constituting  monomeric  sub¬ 
units  (Schultz,  2017). 


3*4*5  Conformation 

Polymeric  conformation,  such  as  random  coil  conformation,  is  very  commonly 
observed,  wherein  each  monomeric  unit  is  oriented  at  random  with  the  others.  Whilst 
linear  conformation  is  rarely  observed,  in  which  all  the  monomeric  units  are  arranged 
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in  a  straight  line.  It  is  measured  by  differential  dynamic  light  scattering  viscometry 
multiangle  static  light  scattering  and  differential  refractometry  analytical  techniques 

(Dey  and  Izake,  2015). 


3*4*6  Interactions 

Polymers  evidently  interact  with  each  other.  Whenever  polymeric  molecules  (macromo¬ 
lecules)  transform  their  activities  or  properties  as  an  effect  of  immediacy  to  another  macro¬ 
molecule,  interactions  occur.  Aggregation  is  observed  in  the  presence  of  attractive  forces 
while  repulsive  interaction  is  observed  in  the  presence  of  repulsive  forces  between  adjoin¬ 
ing  molecules  (the  steric  repulsion)  (Peng  et  al.,  2017).  Moreover,  in  the  presence  of  electric 
charges  (polyelectrolyte),  electrostatic  forces  observed  by  the  virtue  of  which  aggregation, 
repulsion,  or  both  can  take  place.  Complexes  such  as  reversible  complexes  are  formed  due 
to  noncovalent  interactions  causing  dynamic  equilibrium  among  polymeric  complexes  and 
constituent  monomers.  Methods  such  as  dynamic  light  scattering  or  gradient  light  scatter¬ 
ing  are  suitable  for  these  measurements  (Ding  et  al.,  2014). 


3*5  APPLICATION  OF  POLYMERS  IN  MEDICINE: 
RECENT  CASE  STUDIES 


3*5*1  Polymers  in  Drug  Delivery 

Since  the  advent  of  drug  delivery  systems,  polymers  have  been  an  integral  part  of  the 
various  formulations  of  the  different  segment  including  oral,  parenteral,  semisolid,  CDDS, 
SDDS,  etc.  From  the  immediate  release  dosage  form  to  novel  drug  delivery  systems,  poly¬ 
mers  are  being  used  extensively  and  have  entirely  changed  the  concept  of  drug  delivery 
(Hughes,  2017).  The  common  problems  associated  with  drugs  such  as  short  half-life,  poor 
bioavailability,  high  dosing  frequency,  etc.,  can  be  overcome  by  using  a  suitable  polymer 
selection.  Safety,  efficacy,  and  targeting  of  the  drug  to  the  specific  organs  are  also  a  few 
major  concerns  that  can  be  addressed  in  a  better  way  by  selecting  the  appropriate  polymer 
(Yang  et  al.,  2017)  (Fig.  3.5)  (Table  3.3). 

Polymers  obtained  from  almost  every  origin,  that  is,  synthetic,  semisynthetic,  and  natu¬ 
ral,  are  used  in  the  development  of  various  formulations.  Some  common  examples  of  such 
polymers  on  the  basis  of  their  use  are  listed  below  (Sheldon  and  Pereira,  2017). 

Diluent :  Starch,  microcrystalline  cellulose,  low  viscosity  grade  HPMC,  etc. 

Binder :  Different  types  of  gums  (xanthan,  tragacanth,  acacia,  etc.),  polyvinyl 
pyrrolidone,  carboxymethyl-cellulose,  etc. 

Disintegrants :  Starch,  sodium  starch  glycolate,  crossed  carmellose  sodium,  etc. 

Suspending  agents :  Different  type  of  polysaccharides /gums,  cellulose  derivatives, 
poloxamer,  etc. 

The  matrix  forming  agents  as  controlled,  sustained  release  polymers :  Plant  polysaccharides 
including  xyloglucan,  xanthan  gum,  guar  gum,  etc..  High  viscosity  grades  of  HPMC, 
Kollidone  SR,  etc. 

Film  forming  agents:  HPMC,  HPMCP,  various  grades  of  eudrazits,  etc. 
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e.g.  Solid  dosage  forms  (tablets,  capsules),  disperse  systems 


FIGURE  3.5  Application  of  polymers  in  medicine. 


TABLE  3.3  Application  of  Polymers  in  Therapy 


Application 

Polymer 

References 

Extracorporeal 

membrane 

Polymethyl  pentene  (PMP),  silicon  hollow  fibers 

Peek  et  al.  (2002) 

oxygenation 

Urinary  catheters  and 
ureteral  stents 

Silicon,  styrene /ethylene-butylene /styrene  block  copolymers,  and 
PMMA/pHEMA  copolymers,  poly  ethylene- vinyl  acetate,  etc. 

Maki  and 

Tambyah  (2001) 

Wound  dressings 

Semipermeable  films  of  nylon,  natural  polymers  like  chitosan  or 
polyurethanes  with  acrylate-based  coatings  pectin,  carboxymethyl- 
cellulose,  gelatin,  alginates  and  elastomers,  hydrogels  of  PVP  or 
methacrylates 

Moura  et  al.  (2013) 

Suture 

Nondegradable  biopolymers  (silk  or  cellulose),  collagen-based 
materials  (catgut),  synthetic  resorbable  materials  polylactic  acid 
(vicryl),  poliglecaprone  25  (monocryl),  etc.)  nonresorbable  suture 
materials  (nylon,  polyethylene,  polypropylene  (prolene), 
polyvinylidene  fluoride  (PVDF),  and  polyester) 

Messier  and  Rhum 
(1986) 

Tissue  adhesives  and 
sealants 

Fibrin  glue,  collagen,  gelatin-,  and  polysaccharide-  (chitosan, 
alginate,  heparin  or  chondroitin  sulfate)  based  adhesives 

Reece  et  al.  (2001) 

Joint  prostheses 

UHMWPE,  highly  cross-linked  PE  (HXPE) 

Moro  et  al.  (2004) 

Bone  cement 

Poly(methyl  methacrylate)  (PMMA)  with  hydroxyapatite,  zinc- 
based  glass  polyalkenoate  (glass-ionomer)  cements 

Schnieders  et  al. 
(2006) 

Vascular  graft 

Polytetrafluoroethylene  (PTFE) 

He  et  al.  (2005) 

Ophthalmic  systems 

Poly(methyl  methacrylate)  (PMMA),  mixtures  of  pHEMA  and 
acrylic  monomers,  hydrophilic  poly(ethylene  oxide)  (PEO) 

Lalu  et  al.  (2017) 
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Different  other  polymers  including  PLA,  PLGA,  HEMA,  PHEMA,  PAA,  PEI,  etc.,  are 
being  used  successfully  for  the  intensification  of  the  novel  and  targeted  drug  delivery 
systems  (Kulkarni  et  al.,  1971). 


3*5*2  Polymers  Used  for  Gene  Delivery 

The  "one  gene  one  enzyme"  theory  proposed  by  George  Beadle  has  given  a  new  dimension 
to  therapy.  To  date,  in  the  majority  of  cases,  it  has  been  proven  that  a  correction  in  the  gene 
may  be  a  true  cure,  especially  in  genetic  disorders.  But,  still,  the  delivery  of  a  gene  to  the  target 
cell  is  a  major  challenge.  The  initial  phases  of  gene  delivery  mainly  focused  on  the  use  of  viral 
vectors,  but  in  the  later  phases,  induction  of  immune  responses  and  limitation  of  delivery  of  a 
specific  size  molecule  have  drawn  the  attention  of  the  pharmaceutical  formulation  community 
towards  the  development  of  nonviral  vectors  for  gene  delivery  (Loh  et  al.,  2016). 

Cationic  polymers  like  poly(2-dimethyl  aminoethyl  methacrylate)  (pDMAEMA),  poly 
(ethylenimine)  (PEI),  and  poly-L-lysine  (PLL)  are  a  few  major  ones  that  are  being  used 
exhaustively  for  gene  delivery  but  the  nonbiodegradable  nature  of  such  polymers  leads  to 
the  accumulation  in  the  body  with  cytotoxicity  (Tekade  et  al.,  2018).  This  limitation  of 
the  cationic  polymer  has  motivated  the  researchers  to  develop  biodegradable  polymers  for 
the  efficient  and  safe  delivery  of  the  gene.  Some  common  examples  of  such  biodegradable 
polymers  include  polypp(4-aminobutyl)-L-glycolic  acid)  (PAGA),  poly(4-hydroxy-L-proline 
ester),  poly(phosphoramidites)  (PPA),  poly(phosphazenes)  (PPZ),  poly(phosphoesters) 
(PPE),  and  PLGA  (Suk  et  al.,  2016). 


3*5*3  DNA  and  Nucleotide  Delivery 

In  the  last  20  years,  DNA  based  gene  delivery  system  has  achieved  new  heights,  but  at 
the  same  time,  it  also  suffers  from  a  number  of  limitations.  During  the  development  of  a 
potential  delivery  system,  some  conditions  like  protection  of  the  DNA,  the  stability  of  the 
polymeric  system,  high  transfection,  stability  against  endosomolytic  enzymes  and  lyso- 
somes,  etc.  should  be  fulfilled  by  the  delivery  system  specifically  designed  for  the  DNA 
delivery.  In  short,  the  polymeric  delivery  system  should  have  a  multifunctional  nature 
(Lindberg  et  al.,  2015). 

Considering  all  these  requirements,  several  different  types  of  polymeric  delivery  system 
have  been  developed  that  have  the  ability  to  become  condensed  and  protect  the  nucleic 
acid,  like  the  use  of  cationic  polymers  with  polyethylene  glycol  (PEG).  It  has  been  studied 
that  when  cationic  polymers  are  conjugated  with  PEG,  it  reduces  the  associated  toxicity, 
and  increases  solubility  behavior  of  DNA /polymer  with  increment  in  the  shielding  of 
excess  positive  charges  of  the  polymer/DNA  complex  (Li  et  al.,  2015). 

Chitosan,  PLL,  and  PEI  are  some  other  cationic  polymers  that  are  being  used,  but  still 
all  of  them  possess  several  limitations  associated  with  cationic  polymers  as  mentioned 
above,  and  it  is  necessary  to  modify  them  in  such  a  way  that  it  could  better  serve  the 
present  need  (Maheshwari  et  al.,  2015b). 

Y-Cyclodextrin-polyethyleneimine-folate  LpCD-PEI-FA  ha),  PEG-poly  {N-[N-(2-ami- 
noethyl)-2-aminoethyl]  aspartamide}-PLL  (PEG-PAsp(DET)-PLL),  folate  (FA)-decorated 
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poly(ethylene  glycol)-polyethyleneimine  copolymer  (FA-PEG-PEI),  PEG-g-PEI  copolymers, 
poly  ethyleneglycol-poly  ethyleneimine  (PEG /PEI),  PEGylated  chitosan,  multifunctional 
OX26(monoclonal  antibodies)-PEG-chitosan  polymer,  and  folate-installed  PEGylated  chito¬ 
san  (FA-PEG-chitosan)  are  a  few  popularly  used  polymers /copolymers  obtained  from  the 
derivatization  of  the  above  three  (chitosan,  PEI,  and  PLL)  cationic  polymer. 

In  another  work  Shea  et  al.  have  used  the  poly(lactide-co-glycolide)  (PLG)  matrix  for  the 
sustained  delivery  of  DNA  and  reported  a  high  transfection.  The  above  similar  approaches 
may  also  be  used  for  the  delivery  of  nucleotides  (Shea  et  al.,  1999). 

3*5.4  siRNA  Delivery 

siRNA  is  one  of  the  fundamental  units  present  in  the  cytoplasm  after  its  genesis  and 
gets  incorporated  into  a  protein  complex  known  as  RNA-induced  silencing  complex 
(RISC),  which  is  thought  to  important  for  gene  silencing  (Maheshwari  et  al.,  2017).  It  is 
also  being  reported  that  cancer,  neurodegenerative  disorders,  and  many  another  disease 
scan  be  managed  more  effectively  by  small  interference  RNA  (siRNA)  for  selective  silenc¬ 
ing  of  gene  expression.  Exploiting  this  knowledge,  properly  designed  siRNA  delivery 
may  be  used  in  the  therapy  of  several  genetic  disorders  (Tekade  et  al.,  2015).  However, 
phagocytosis,  induction  of  immune  response,  and  low  transfection  of  such  designed 
siRNA  systems  are  the  major  hurdles  (Sarisozen  et  al.,  2015). 

These  limitations  of  siRNA  can  be  avoided  either  by  the  proper  modification  or  by 
using  the  appropriate  polymeric  system.  Use  of  liposomes  or  other  lipid  material  like  oli- 
gofectamine,  cationic  polymers  like  cyclodextrin,  poly  ethyleneimine,  etc.,  and  a  conjugate 
of  siRNA  with  cholesterol  and  bile  salts  may  successfully  avoid  the  above  said  problems 
related  to  the  delivery  of  siRNA  (Maheshwari  et  al.,  2015a;  Sharma  et  al.,  2015). 

Several  other  systems  like  antibody-protamine  fusion  proteins,  aptamer-siRNA  chi¬ 
meras,  and  folate-siRNA  conjugates  may  also  be  used  for  the  delivery  of  siRNA. 
Mistargeting  by  such  nanocarriers  is  another  major  limitation  and  hurdle  in  the  effective 
use  of  siRNA.  But  the  use  of  antibody-coated  polymeric  conjugate  may  almost  short  out 
these  problems  during  the  effective  and  targeted  delivery  of  siRNA  (Lam  et  al.,  2015).  A 
similar  approach  for  the  delivery  of  siRNAs  has  been  developed  and  reported  by  the  use 
of  Q389-pAcF  IgG  polymer  conjugates  and  Mutant  S202-pAcF  Fab  for  targeted  delivery  of 
siRNA  without  any  hurdles  during  the  delivery  (Sarisozen  et  al.,  2015). 

3*5*5  MicroRNA  Delivery 

MicroRNA  (miRNA)  is  noncoding  endogenous  RNA  present  and  showing  the  activity 
within  the  cell,  and  has  the  ability  to  control  a  network  of  specific  genes.  Involvement  of 
miRNA  in  the  onset  and  progression  of  various  diseases  has  drawn  the  attention  of  the 
pharmacy  community  towards  its  use  in  therapy  and  targeted  delivery  (Peng  et  al.,  2015). 

Similar  to  the  other  genetic  materials  miRNA  may  also  be  delivered  effectively  by  using 
PEI-based  delivery  systems  (like  polyplexes  formed  by  PEI  and  nucleic  acids,  polyure¬ 
thane  short  branch  polyethyleneimine  polymers,  RVG-SSPEI,  etc.),  dendrimers,  PLGA, 
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poly(amidoamine)  (PAM AM),  and  silica-based  nanoparticles.  Various  studies  reveal  that 
the  polymeric  structure  analogous  to  the  nucleic  acids  may  show  better  stability,  affinity, 
and  binding  towards  target  nucleic  acids  rather  than  the  conventional  approaches  of 
delivery  (Wang  et  al.,  2017). 

Phosphorodiamidate  morpholino  oligomers  (PMO)  and  peptide  nucleic  acids  (PNA)  are 
the  two  major  such  analogs  used  for  blocking  the  activity  of  miRNA.  Cheng  et  al.  have 
reported  that  cell-penetrating  peptide  coated  nanoparticles  using  biodegradable  polymers 
for  the  delivery  of  chemically  modified  oligonucleotide  analogs  block  the  activity  of  the 
oncogenic  microRNA,  miR-155.  l,2-di-0-octadecenyl-3-trimethylammonium  propane 
(DOTMA),  cholesterol  and  tocopherol  polyethylene  glycol  1000  succinate  (TPGS)  contain¬ 
ing  lipoplex  having  pre-miR-133b  have  high  transfection  efficiency  with  high  accumula¬ 
tion  in  the  lung.  Poly  cationic  liposome— hyaluronic  acid  (LPH)  nanoparticles,  diacetyl 
phosphate-tetraethylenepentamine— based  polycation  liposomes  (TEPA-PCL)  combined 
with  cholesterol,  neutral  lipid  emulsion  (NLE),  etc.,  may  also  be  used  for  the  efficient 
delivery  of  miRNA  (Cheng  and  Saltzman,  2012). 


3*5*6  Plasmid  Delivery 

The  plasmid  is  circular  DNA,  specifically  found  in  the  cytoplasm  of  the  majority  of  pro¬ 
karyotes  and  a  few  eukaryotic  cells.  Alike  other  genetic  material,  plasmids  can  also  be 
delivered  in  a  similar  fashion  to  the  polymeric  delivery  system.  The  use  of  chitosan  and 
depolymerized  chitosan  oligomers  for  in  vivo  plasmid  delivery  as  condensing  carriers  is 
due  to  their  strong  complex  formation  ability  with  special  reference  to  endosomolytic 
enzymes.  Silicon  nanoparticles  and  engineered  rambutan  nanoparticles  have  also  been 
reported  with  high  transfection  efficiency  and  better  protection  of  plasmid  (Zhang  et  al., 
2018). 


3*5*7  Other  Applications 

Wide  acceptance  of  pharmaceutical  polymers  for  drug  delivery  is  a  known  fact  and  sev¬ 
eral  of  them  have  already  been  discussed  in  the  chapter.  But  apart  from  the  above  applica¬ 
tions,  several  such  polymers  may  also  be  used  in  the  preparation  of  vascular  grafts, 
contact  lenses,  prefilled  syringes,  stents,  hemodialysis  membranes,  and  other  different 
medical  appliances.  Plasticized  PVC,  thermoplastic  polyurethanes,  polyester-,  poly  ether-, 
and  polycarbonate-based  polyurethanes  are  some  common  examples  of  such  polymers 
used  for  the  preparation  of  catheters  (Movassaghian  et  al.,  2015).  Hemodialysis  mem¬ 
branes  are  one  of  the  major  important  factors  used  in  the  therapy.  Some  common  exam¬ 
ples  of  the  polymers  used  to  prepare  hemodialysis  membranes  are  polyarylsulfones, 
polyvinyl  pyrrolidone  such  as  polyamide  (PA),  polycarbonate  (PC),  polyacrylonitrile 
(PAN),  PMMA,  polyester  polymer  alloy  (PEPA),  ethylene  vinyl  alcohol  copolymer 
(EVAL),  etc.  (Tagaya  et  al.,  2017). 
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3.6  DEVELOPMENT  OF  TAILORED  POLYMERS  FOR  DRUG 
DELIVERY  AND  THERAPY 

3.6.1  pH-Sensitive  Polymers 

There  are  several  polymers  that  may  have  specific  groups  in  their  backbone  structures, 
side  chain,  or  at  the  end,  which  become  ionized  showing  the  capability  of  changing  their 
conformational  structure,  leading  to  their  solubility  or  insolubility  in  an  aqueous  medium 
with  a  change  in  the  pH  of  the  environment  (Yuba  et  al.,  2017). 

Several  factors  that  determine  the  sensitivity  of  any  polymer  towards  pH  include  the 
characteristic  structure  and  nature  of  ionizable  groups  and  their  ionic  strength,  the  compo¬ 
sition  of  the  polymer,  and  the  hydrophobic  or  hydrophilic  nature  of  the  polymer  backbone 
and  side  group.  Colon  targeting,  which  delayed  the  release  of  the  medicament  in  the  intes¬ 
tinal  region;  taste  masking  by  use  of  Eudrazit  E100;  etc.,  are  some  major  uses  of  pH- 
responsive  polymers.  The  development  of  new  polymers  that  have  sharp  change  and 
response  to  minor  change  of  pH  has  made  them  a  beneficial  tool  for  the  tumor,  tissue,  or 
cell  targeting  of  bioactives  (Xie  et  al.,  2017).  Different  polymers,  which  become  solubilized 
at  different  pH  conditions  (acidic  or  basic),  are  listed  in  Table  3.4. 


3.6.2  Thermoresponsive  Polymers 

These  are  the  polymers  whose  properties  can  change  with  a  change  in  the  temperature 
of  the  environment  in  which  these  polymers  are  supposed  to  act.  These  polymers  show 
two  major  distinct  characteristics:  either  they  are  solubilized  at  the  higher  temperature  or 
they  are  precipitated  upon  heating.  The  temperature  that  leads  to  precipitation  of  such 
polymers  is  regarded  as  a  lower  critical  solution  temperature  (LCST)  system  while  the 
temperature  at  which  such  polymers  get  solubilized  after  heating  is  regarded  as  an  upper 
critical  solution  temperature  (UCST)  system  (Kim  and  Matsunaga,  2017). 

Change  in  hydration  capability  of  a  polymer  due  to  change  in  the  temperature  is  con¬ 
sidered  to  be  the  probable  reason  for  the  above  behavior  of  thermoresponsive  polymers. 
Some  common  examples  of  such  polymers  are  poly(N-isopropylacrylamide),  poly(methyl 
vinyl  ether),  block  copolymer  of  poly(ethylene  oxide)  and  poly(propylene  oxide)s,  poly¬ 
acrylamide  and  polyacrylic  acid  IPN,  N-isopropylacrylamide  (NIP AM)  and  poly(N-isopro- 
pylacrylamide)  (PNIPAM)  based  polymers,  etc.  (Khutoryanskiy  and  Georgiou,  2018). 

Thermoresponsive  polymers,  which  show  a  phase  transition  at  LCST,  may  be  used  for 
temperature  dependent  targeting  of  the  tumors.  It  has  been  observed  in  various  research 
studies  that  such  polymers  are  easily  solubilized  at  the  temperature  lower  than  LCST 
while  they  are  aggregated  at  the  temperature  higher  than  LCST  (Kim  and  Matsunaga, 
2017). 


3.6.3  Polymers  for  Cytosolic  Delivery 

Cytosolic  delivery  of  medicament  and  genetic  material  is  the  need  of  the  present  hour 
as  there  are  numbers  of  receptors  that  are  present  inside  the  cell  system.  Drug  delivery  to 
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TABLE  3.4  List  of  Polymers  Solubilized  at  Different  Condition  pH  Conditions 

Nature  of 

Name  of  Polymer  Polymer  Drug  Used  Use  References 


Aminoalkyl  methacrylate  copolymer 
(Eudragit  E) 

Polyvinylacetaldiethylaminoacetate 

Poly(methacrylic  acid-co-methyl 
methacrylate)  (Eudragit  L/S) 

Hydroxypropylmethylcellulose 

phthalate 

P(His)-containing  polymers  and 
copolymers 

PHSMpop-up  TAT 

PEG-b-poly([3-amino  ester) 

N-(2-hydroxypropyl)  methacrylamide 
(HPMA) 

Poly(amidoamine)  (PAMAM) 

Polyethyleneimine  (PEI) 
Poly(amidoamine) 


Cationic  polymer 

Sumatriptan 

Donepezil 

Trimebutine 

maleate 

Anionic 

Rabeprazole 

polymers 

Mesalamine 

a-Amylase 

Pantoprazole 

Possessing 
imidazole  group 

Peptide 

Anticancer 

agent 

Doxorubicin 

Esters 

Camptothecin 

Hydrazone 

Paclitaxel 

bonded 

docetaxel 

Hydrazone 

bonded 

Doxorubicin 

Cationic  polymer 

Gene,  peptide 

Taste  Masking 

Yoshida  et  al. 
(2013) 

Hashimoto  et  al. 
(2002) 

Enteric  coating 

Colon  targeting 

Yoshida  et  al. 
(2013) 

Microparticle 

Enteric  coating 

Garapati  et  al. 
(2015) 

Tumor  targeting 

Hu  et  al.  (2002) 

Singh  and  Amiji 
(2018) 

Cheng  et  al.  (2013) 

Prolonged 
delivery  to  tumor 

Etrych  et  al.  (2010) 

Tumor  targeting 

Papagiannaros 
et  al.  (2005) 

High  transfection 
to  the  cell 

Lee  et  al.  (2001) 

the  cell  organelles  also  needs  such  delivery  systems  that  can  penetrate  the  cell  membrane 
leading  to  the  entrance  of  medicament  to  the  cytosol  (Postupalenko  et  al.,  2015). 

There  are  several  barriers  present  in  the  membranes  and  within  the  cellular  structure 
that  always  need  to  be  surpassed  for  the  effective  and  efficient  delivery  and  retention  of 
drug  and  biological  molecules  in  the  cytoplasm.  Studies  show  that  different  types  of  vesic¬ 
ular  systems  (liposomes,  niosomes)  and  nanoparticles  containing  lipids,  PLA,  PLGA,  pH- 
dependent  polymers  (pH-sensitive  PDEAEMAcore/PAEMA,  poly(propyl  acrylic  acid)), 
dendrimers,  etc.,  can  easily  be  internalized  by  endocytosis  after  getting  attached  on  the 
cell  membranes  (Dutta  et  al.,  2017). 

The  cell-penetrating  polypeptide  is  another  class  of  cell-penetrating  polymer  used  for 
the  delivery  of  protein,  peptides,  oligonucleotide,  bioactives  etc.  within  the  cytoplasmic 
compartment.  Two  of  the  commonly  used  polypeptides  include  HIV-1  transactivating 
transcriptional  activator  (TAT)  peptide  and  HSV  VP-22  (herpes  simplex  virus  type-1 
transcription  factor)  peptide  (Nahire  et  al.,  2014). 
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3*6*4  Mucoadhesive  Polymers 

These  are  the  polymers  that  have  a  tendency  to  adhere  to  the  surface  of  the  mucosal 
layer  when  it  comes  into  contact  with  water  present  at  this  surface,  forming  a  hydrated 
viscoelastic  gel-like  system.  These  polymers  are  diffused  into  the  mucosal  layer  and  lead 
to  the  adherence  due  to  intermolecular  linking,  which  increases  more  and  more  with 
increasing  molecular  weight  of  the  polymer  and  tendency  to  form  a  hydrogen  bond.  To 
date,  several  polymers  have  been  investigated  for  their  mucoadhesive  property  (Sosnik 
et  al.,  2014).  Some  of  the  commonly  used  mucoadhesive  polymers  are  listed  in  Table  3.5. 


3*6*5  Photoresponsive  Polymers 

There  are  a  few  specific  polymers  that  have  the  tendency  to  show  a  response  depending 
on  the  photo  stimulus  leading  to  reversible  type  of  alteration  in  their  chemical  structures 
and  physical  attributes  in  terms  of  change  in  viscosity  of  polymeric  solutions,  contraction 


TABLE  3.5  Different  Mucoadhesive  Polymers  by  Category  and  Probable  Mechanism 


Category  of  Polymer 

Name  of  Polymer 

Drug 

Probable  MOA 

Anionic  hydrophilic 
polymer 

Poly(acrylic  acid)  PAA 

Levobetaxolol 

HC1 

Due  to  the  formation  of  hydrogen 
bonding  with  the  mucin  at  the  mucosal 

Carboxymethyl-cellulose 

Apomorphine 

layer 

Sodium  Alginate 

Carbopol 

Gatifloxacin 

Buparvaquone 

Due  to  the  ionic  interactions  with  the 
mucin  chains 

Cationic  hydrophilic 
polymer 

Chitosan 

Diltiazem 

hydrochloride 

Due  to  the  ionic  interactions  with  the 
mucin  chains 

Nonionic 

hydrophilic  polymer 

Poloxamer 

Puerarin 

Electrostatic  and  hydrophobic 
interactions,  hydrogen  bond  formation 

Polyvinyl  alcohol  (PVA) 

Oxprenolol 

theophylline 

Due  to  interdiffusion  of  polymer  chains 
across  the  interface 

Polyvinyl  pyrrolidone  (PVP) 

Ketoprofen 

Due  to  the  ionic  interactions  with  the 
mucin  chains 

Hydrogels 

Having  various  hydrophilic 
polymers,  guar  gum, 
carrageenan,  etc. 

Diclofenac 

Due  to  a  combination  of  different 
mechanisms 

Thiolated  polymers 

Chitosan— iminothiolane 

Clotrimazole 

Formation  of  disulfide  bonds  with 

Poly  (acrylic  acid)— cysteine 

Bromelain 

mucin 

Alginate — cysteine 

Lactobacillus 
Salivarius  29 

Lectin-based 

Polymers 

Wheat  germ  agglutinin 

Soya  agglutinin 

Insulin 

Cytoadhesion 
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of  polymeric  chains,  transition  in  sol-gel  state,  conduction  of  electricity,  changes  in  color 
due  to  irradiation  with  light  of  an  appropriate  wavelength  (Jerca  et  al.,  2017).  It  has  also 
been  observed  by  some  researchers  that  the  permeability  of  the  gas  through  the  polymeric 
membrane  may  also  have  a  variation  with  a  change  in  the  intensity  of  the  light.  Apart 
from  the  numerous  uses  in  the  other  fields,  photoresponsive  polymers  are  being  used  suc¬ 
cessfully  for  the  biocontrolled  processing  of  enzymes  in  the  field  of  biotechnology  (Joy 
et  al.,  2017). 

Recent  studies  reveal  that  photoresponsive  polymers  play  a  very  vital  role  in  the  devel¬ 
opment  of  targeted  drug  delivery  system.  Jin  et  al.  have  reported  the  synthesis  of 
coumarin-functionalized  block  copolymers  poly(ethylene  oxide)-b-poly(n-butyl  methacry- 
late-co-4-methyl-[7-(methacryloyl)oxyethyloxy]coumarin)  (PEO-b-P(BMA-co-CMA))  for  the 
controlled  delivery  of  an  anticancer  agent  5-fluorouracil.  They  also  reported  that  the 
release  of  5-FU  from  the  micelle— drug  conjugates  occurs  under  UV  irradiation  (254  nm) 
showing  good  biocompatibility  with  delivery  to  the  cancer  cells  specifically  rather  than  the 
normal  cell  (Jin  et  al.,  2011). 

In  a  similar  work,  spherical  photoresponsive  microcapsules  were  prepared  mainly  con¬ 
trived  of  three  photo-switchable  DNA  strands  showing  targeted  delivery.  A  hydrogel  sys¬ 
tem  of  poly(2-hydroxyethyl  methacrylate)  functionalized  with  pendant  azobenzene  groups 
was  reported  by  Ishihara  et  al.  showing  a  change  in  its  structure  from  gel  to  sol  or  sol  to 
gel  with  a  change  in  types  of  irradiating  light.  It  has  also  that  reported  different  types  of 
such  polymeric  hydrogel  systems  respond  with  the  change  in  the  type  of  irradiating  light. 
Azo-containing  molecular  imprinted  polymer  (MIP)  membranes  with  photoregulated  tem¬ 
plate  binding  properties  have  also  been  reported. 


3*6*6  Anticancer  Polymers 

Cancer's  place  as  one  of  the  most  deadly  diseases  has  long  motivated  research  scientists  to 
develop  a  delivery  system  that  is  more  efficient  and  safer  in  the  targeted  delivery  of  medica¬ 
ments.  But,  in  the  last  few  decades,  continuous  research  in  the  field  of  anticancer  formulation 
development  has  seen  a  major  positive  change  in  the  development  of  the  anticancer  polymer, 
which  itself  has  cytotoxic  activity  against  the  cancer  cell  (Kim  et  al.,  2013).  Tang  et  al.  has 
reported  the  formation  of  polymer  polycurcumins  from  the  condensation  polymerization  of 
cur  cumin  showing  high  toxicity  against  the  cancer  cells  (Tang  et  al.,  2010). 

At  the  same  time,  they  also  reported  that  another  derivative  of  polycurcumin, 
polyacetal-based  polycurcumin  (PCurc  8),  has  shown  to  be  more  cytotoxic  against  MCF- 
7,  OVAR-3  ovarian  cancers,  and  SKOV-3  breast  cancer  cell  lines  in  comparison  to  the 
simple  polycurcumin  polymer.  Another  type  of  such  polymer,  organotin,  has  shown  a 
wide  range  of  biological  activities  including  anticancer  activity  against  a  number  of  can¬ 
cer  cell  lines  including  ovarian,  lung,  breast  cancer,  colon,  pancreatic,  and  prostate  cancer 
cell  lines. 

It  has  also  been  reported  in  the  scientific  literatures  that  a  self-assembled  supramolecu- 
lar  polymer  prepared  by  the  complexation  of  Au(III)  with  1  of  2,6-diphenylpyraline  and 
2,4-diamino-6-(4-pyridyl)-l,3,5-triazine  (4-dpt)  shows  specific  physical  characteristics,  that 
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is,  formation  of  nanofibrillar  networks  showing  sustained  and  selective  cytotoxicity  of 
cancerous  cells  (van  Lith  and  Ameer,  2016). 

Several  naturally  derived  polysaccharides  have  also  been  reported  that  show  anticancer 
activity.  Some  of  the  common  examples  of  such  polymers  are  polysaccharides  from  mush¬ 
rooms,  lentinan,  protein-bound  (3-glucan,  polysaccharides  from  Cordyceps  sinensis  and 
Ganoderma  atrum,  glucans  from  Agaricus  blazei,  yeast  beta-glucans,  polyporus  polysaccha¬ 
ride,  angelan,  modified  citrus  pectin,  etc.  (Soma,  2015). 


3*6*7  Antibacterial  Polymers 

The  microbial  infection  has  always  been  a  matter  of  great  concern.  In  the  last  few  dec¬ 
ades,  several  polymers  having  antibacterial  activity  have  been  developed  leading  to  a  new 
era  of  therapy  and  drug  delivery.  This  polymer  either  passively  limits  the  activity  of 
microbes  by  inhibiting  the  microbial  system's  adherence  to  the  polymeric  surface  or 
actively  by  killing  the  bacteria  that  adhere  at  the  polymeric  surface.  Some  common  exam¬ 
ples  of  antibacterial  polymers  which  have  a  passive  effect  on  the  bacteria  are  polyethylene 
glycol),  poly(sulfobetaine  methacrylate)poly(2-methyl-2-oxazoline),  etc.  Acrylamide  poly¬ 
mers  with  quaternary  ammonium  are  some  very  good  examples  of  antibacterial  polymers 
that  act  actively  by  killing  the  bacterial  after  adherence.  There  are  several  other  biocidal 
polymers,  for  example,  quaternary  ammonium  polyethyleneimine,  arginine— tryptophan- 
rich  peptide,  guanylated  polymethacrylate,  chitosan,  etc.,  that  have  also  been  reported  by 
different  researchers  (Soma,  2015). 


3*6*8  Antiviral  Polymer 

In  the  last  few  years,  antiviral  polymers  have  drawn  the  attention  of  formulation  scien¬ 
tists  as  they  have  proven  to  be  more  efficacious  during  the  treatment  and  prevention  of 
viral  infections.  It  has  been  observed  by  researchers  that  such  polymer  either  prevents  the 
entry  of  a  virus  by  forming  a  coat-like  structure  on  the  host  cell  or  blocks  the  interface  of 
cell  surface  heparan  sulfate  proteoglycans  with  viral  proteins  as  in  the  case  of  agmatine- 
containing  poly(amidoamine)  polymer  AGMA,  or  it  inhibits  the  replication  of  the  virus. 
Studies  show  that  the  polymer  (organotin)  having  platinum  and  lesser  amount  of  tin  have 
antitumor  activity  by  delaying  the  cell  proliferation  and  blocking  the  exchange  of  sister 
chromatid  studies,  and  also  reveal  that  sulfate  derivatives  of  various  natural  polysacchar¬ 
ides  like  carbohydrates  scleroglucan,  locust  bean  gum,  tamarind  gum  (glyloid),  alginic 
acid,  and  dextran  have  antiviral  activity. 

Carragelose  is  a  new  antiviral  polymer  from  red  seaweed,  which  is  already  approved 
and  marketed  in  different  parts  of  the  European  Union,  Asia,  and  Australia.  This  polymer 
also  has  earned  GRAS  status  from  the  FDA. 

Nucleic  acid  polymers  (NAPs)  also  have  the  capability  to  inhibit  the  activity  of  duck 
hepatitis  B  virus  (DHBV)  infection  both  before  and  after  the  entry  of  the  virus.  These  poly¬ 
mers  have  also  shown  activity  against  hepatitis  B  and  hepatitis  D  infection. 
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3*7  CONCLUSION 


Biodegradable  polymer-based  drug  delivery  offers  pertinent  applications  in  the  biomed¬ 
ical  fields  and  drug  carriers.  Plenty  of  biodegradable  polymeric  nanomaterial  has  been 
established  in  the  formulation  of  biodegradable  drug  carrier  systems  for  the  proficient 
delivery  of  loaded  model  drugs  in  required  dosages  to  specific  areas  of  the  body.  The 
essential  advantages  of  biodegradable  polymeric  nanoparticles  are  their  biodegradability 
and  biocompatibility  with  a  variety  of  delivery  systems.  Although  research  is  ongoing  on 
the  polymeric  molecules,  there  is  still  much  work  to  be  done  to  achieve  wide  usage.  We 
believe  that  more  polymeric  drug  delivery  systems  will  develop  and  become  available  in 
the  near  future. 
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Abbreviations 

ATRP 

atom  transfer  radical  polymerization 

DHBV 

duck  hepatitis  B  virus 

DOTMA 

1 ,2-di-0-octadecenyl-3-trimethy lammonium  propane 

EVAL 

ethylene  vinyl  alcohol  copolymer 

HCL 

hydrochloric  acid 

HDPE 

high-density  polythene 

HEMA 

(hydroxyethyl)methacrylate 

HPMC 

hydroxypropylmethylcellulose 

LCST 

lower  critical  solution  temperature 

LDPE 

low-density  polythene 

LPH 

poly  cationic  liposome— hyaluronic  acid 

miRNA 

microRNA 

NAPs 

nucleic  acid  polymers 

nh3 

ammonia 

NIPAM 

N-isopropylacrylamide 

NLE 

neutral  lipid  emulsion 

PA 

polyamide 

PAA 

polyacrylic  acid 

PAGA 

polyUf-(4-aminobutyl)-L-glycolic  acid) 

PAN 

polyacrylonitrile 

PC 

polycarbonate 

PCL 

polycaprolactone 

pDMAEMA 

poly(2-dimethylaminoethyl  methacrylate) 

PEG 

poly  ethylene  glycol 

PEI 

poly(ethylenimine) 
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PEO 

polyethylene  oxide) 

PEPA 

polyester  polymer  alloy 

PHEMA 

polyhydroxyethylmethacrylate 

PLA 

polylactic  acid 

PLG 

poly(lactide-co-glycolide) 

PLGA 

poly(lactide-co-glycolide) 

PLL 

poly-L-lysine 

PMMA 

poly(methyl  methacrylate) 

PMO 

phosphorodiamidatemorpholino  oligomers 

PMP 

polymethylpentene 

PNA 

peptide  nucleic  acids 

PNIPAM 

poly(N-isopropylacrylamide) 

PPE 

poly(phosphoesters) 

PPZ 

poly(phosphazenes) 

PTFE 

polytetrafluoroethylene 

PVA 

polyvinyl  alcohol 

PVC 

polyvinyl  chloride 

PVDF 

polyvinylidenfluoride 

RAFT 

reversible  addition-fragmentation  chain  transfer  polymerization 

RISC 

RNA-induced  silencing  complex 

SFRP 

stable  free  radical  polymerization 

siRNA 

small  interference  RNA 

SWNTs 

single-walled  carbon  nanotubes 

TAT 

transactivating  transcriptional  activator 

UCST 

upper  critical  solution  temperature 

UHMWPE 

ultra-high  molecular  weight  polyethylene 

References 

Altintas,  O.,  Barner-Kowollik,  C.,  2016.  Single-chain  folding  of  synthetic  polymers:  a  critical  update.  Macromol. 
Rapid  Commun.  37  (1),  29—46. 

Ambade,  A.V.,  2017.  Controlled  radical  polymerization.  Metal-Catalyzed  Polymerization.  CRC  Press. 

Baird,  D.G.,  Collias,  D.I.,  2014.  Polymer  Processing:  Principles  and  Design.  John  Wiley  &  Sons. 

Barouti,  G.,  Jaffredo,  C.G.,  Guillaume,  S.M.,  2017.  Advances  in  drug  delivery  systems  based  on  synthetic  poly 
(hydroxybutyrate)(co)  polymers.  Prog.  Polym.  Sci.  73,  1—31. 

Breyta,  G.,  Chan,  J.M.,  Coady,  D.J.,  Engler,  A.C.,  Garcia,  J.M.,  Han,  W.,  et  al.,  2017.  Condensation  Polymers  for 
Antimicrobial  Applications.  Google  Patents. 

Campbell,  D.,  Pethrick,  R.A.,  White,  J.R.,  2014.  Polymer  Characterization:  Physical  Techniques.  CRC  press. 

Carraher  Jr,  C.E.,  2017.  Introduction  to  Polymer  Chemistry.  CRC  press. 

Cheng,  C.J.,  Saltzman,  W.M.,  2012.  Polymer  nanoparticle-mediated  delivery  of  microRNA  inhibition  and  alterna¬ 
tive  splicing.  Mol.  Pharm.  9  (5),  1481—1488. 

Cheng,  R.,  Meng,  F.,  Deng,  C.,  Klok,  H.-A.,  Zhong,  Z.,  2013.  Dual  and  multi-stimuli  responsive  polymeric  nano¬ 
particles  for  programmed  site-specific  drug  delivery.  Biomaterials  34  (14),  3647— 3657. 

Childers,  M.I.,  Vitek,  A.K.,  Morris,  L.S.,  Widger,  P.C.,  Ahmed,  S.M.,  Zimmerman,  P.M.,  et  al.,  2017.  Isospecific, 
chain  shuttling  polymerization  of  propylene  oxide  using  a  bimetallic  chromium  catalyst:  a  new  route  to  semi¬ 
crystalline  polyols.  J.  Am.  Chem.  Soc.  139  (32),  11048—11054. 

Corrigan,  N.,  Shanmugam,  S.,  Xu,  J.,  Boyer,  C.,  2016.  Photocatalysis  in  organic  and  polymer  synthesis.  Chem.  Soc. 
Rev.  45  (22),  6165-6212. 

Dai,  X.,  Zhang,  Y.,  Gao,  L.,  Bai,  T.,  Wang,  W.,  Cui,  Y.,  et  al.,  2015.  A  mechanically  strong,  highly  stable,  thermo¬ 
plastic,  and  self-healable  supramolecular  polymer  hydrogel.  Adv.  Mater.  27  (23),  3566— 3571. 

Derenskyi,  V.,  Gomulya,  W.,  Talsma,  W.,  Salazar-Rios,  J.M.,  Fritsch,  M.,  Nirmalraj,  P.,  et  al.,  2017.  Carbon  nano¬ 
tubes:  on-chip  chemical  self-assembly  of  semiconducting  single- walled  carbon  nanotubes  (SWNTs):  toward 
robust  and  scale  invariant  SWNTs  transistors  (Adv.  Mater.  23/2017).  Adv.  Mater.  29  (23),  pp. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


REFERENCES 


109 


Dey,  P.,  Izake,  E.L.,  2015.  Magnetic  nanoparticles  boosting  the  osmotic  efficiency  of  a  polymeric  FO  draw  agent: 
effect  of  polymer  conformation.  Desalination  373,  79— 85. 

Ding,  J.,  Chen,  L.,  Xiao,  C.,  Chen,  L.,  Zhuang,  X.,  Chen,  X.,  2014.  Noncovalent  interaction-assisted  polymeric 
micelles  for  controlled  drug  delivery.  Chem.  Commun.  50  (77),  11274—11290. 

Dunstan,  D.E.,  2018.  The  Viscosity— Radius  Relationship  for  Concentrated  Polymer  Solutions.  arXiv  preprint 
arXiv:l  806.00963. 

Dutta,  K.,  Hu,  D.,  Zhao,  B.,  Ribbe,  A.E.,  Zhuang,  J.,  Thayumanavan,  S.,  2017.  Templated  self-assembly  of  a  cova¬ 
lent  polymer  network  for  intracellular  protein  delivery  and  traceless  release.  J.  Am.  Chem.  Soc.  139  (16), 
5676-5679. 

Etrych,  T.S.,  Sirova,  M.,  Starovoytova,  L.,  Rihova,  B.,  Ulbrich,  K.,  2010.  HPMA  copolymer  conjugates  of  paclitaxel 
and  docetaxel  with  pH-controlled  drug  release.  Mol.  Pharm.  7  (4),  1015—1026. 

Gandini,  A.,  Lacerda,  T.M.,  2015.  From  monomers  to  polymers  from  renewable  resources:  RECENT  advances. 
Prog.  Polym.  Sci.  48,  1—39. 

Garapati,  C.,  Gupta,  H.,  Renukuntla,  J.,  Boddu,  S.H.,  2015.  Tailoring  the  release  of  drugs  using  excipients. 
Excipient  Applications  in  Formulation  Design  and  Drug  Delivery.  Springer. 

Goethals,  E.J.,  2018.  Telechelic  polymers  by  ring-opening  polymerization.  Telechelic  Polymers:  Synthesis  and 
Applications.  CRC  press. 

Hashimoto,  Y.,  Tanaka,  M.,  Kishimoto,  H.,  Shiozawa,  H.,  Hasegawa,  K.,  Matsuyama,  K.,  et  al.,  2002.  Preparation, 
characterization  and  taste-masking  properties  of  polyvinylacetal  diethylaminoacetate  microspheres  containing 
trimebutine.  J.  Pharm.  Pharmacol.  54  (10),  1323—1328. 

He,  W.,  Yong,  T.,  Teo,  W.E.,  Ma,  Z.,  Ramakrishna,  S.,  2005.  Fabrication  and  endothelialization  of  collagen-blended 
biodegradable  polymer  nanofibers:  potential  vascular  graft  for  blood  vessel  tissue  engineering.  Tiss.  Eng.  11 
(9-10),  1574-1588. 

Hu,  Y.,  Jiang,  X.,  Ding,  Y.,  Ge,  H.,  Yuan,  Y.,  Yang,  C.,  2002.  Synthesis  and  characterization  of  chitosan— poly 
(acrylic  acid)  nanoparticles.  Biomaterials.  23  (15),  3193—3201. 

Hughes,  G.A.,  2017.  Nanostructure-mediated  drug  delivery.  Nanomedicine  in  Cancer.  Pan  Stanford. 

Imazato,  S.,  Kitagawa,  H.,  Tsuboi,  R.,  Kitagawa,  R.,  Thongthai,  P.,  Sasaki,  J.-I.,  2017.  Non-biodegradable  polymer 
particles  for  drug  delivery:  a  new  technology  for  "bio-active"  restorative  materials.  Dent.  Mater.  J.  36  (5), 
524-532. 

Jerca,  F.A.,  Jerca,  V.V.,  Hoogenboom,  R.,  2017.  Photoresponsive  polymers  on  the  move.  Chem  3  (4),  533—536. 

Jin,  Q.,  Mitschang,  F.,  Agarwal,  S.,  2011.  Biocompatible  drug  delivery  system  for  photo-triggered  controlled 
release  of  5-fluorouracil.  Biomacromolecules  12  (10),  3684—3691. 

Joy,  A.,  Dhinojwala,  A.,  Mishra,  K.,  2017.  Photoresponsive  Polymers  for  Adhesive  Applications.  Google  Patents. 

Keddie,  D.J.,  2014.  A  guide  to  the  synthesis  of  block  copolymers  using  reversible-addition  fragmentation  chain 
transfer  (RAFT)  polymerization.  Chem.  Soc.  Rev.  43  (2),  496—505. 

Khutoryanskiy,  V.V.,  Georgiou,  T.K.,  2018.  Temperature-Responsive  Polymers:  Chemistry,  Properties,  and 
Applications.  John  Wiley  &  Sons. 

Kim,  B.,  Lee,  E.,  Kim,  Y.,  Park,  S.,  Khang,  G.,  Lee,  D.,  2013.  Dual  acid-responsive  micelle-forming  anticancer  poly¬ 
mers  as  new  anticancer  therapeutics.  Adv.  Funct.  Mater.  23  (40),  5091— 5097. 

Kim,  Y.-J.,  Matsunaga,  Y.T.,  2017.  Thermo-responsive  polymers  and  their  application  as  smart  biomaterials. 
J.  Mater.  Chem.  B  5  (23),  4307-4321. 

Koltzenburg,  S.,  Maskos,  M.,  Nuyken,  O.,  2017.  Step-growth  polymerization.  Polymer  Chemistry.  Springer. 

Kulkarni,  R.K.,  Moore,  E.,  Hegyeli,  A.,  Leonard,  F.,  1971.  Biodegradable  poly  (lactic  acid)  polymers.  J.  Biomed. 
Mater.  Res.  5  (3),  169-181. 

Lalu,  L.,  Tambe,  V.,  Pradhan,  D.,  Nayak,  K.,  Bagchi,  S.,  Maheshwari,  R.,  et  al.,  2017.  Novel  nanosystems  for  the 
treatment  of  ocular  inflammation:  current  paradigms  and  future  research  directions.  J.  Control  Release  268, 
19-39. 

Lam,  J.K.,  Chow,  M.Y.,  Zhang,  Y.,  Leung,  S.W.,  2015.  siRNA  versus  miRNA  as  therapeutics  for  gene  silencing. 
Mol.  Therapy-Nucl.  Acids  4. 

Lee,  H.,  Jeong,  J.H.,  Park,  T.G.,  2001.  A  new  gene  delivery  formulation  of  polyethylenimine/DNA  complexes 
coated  with  PEG  conjugated  fusogenic  peptide.  J.  Control  Release  76  (1-2),  183-192. 

Leibler,  L.,  Tournilhac,  F.,  Capelot,  M.,  2015.  Processable  Semi-Crystalline  Polymer  Networks.  Google  Patents. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


110  3.  FUNDAMENTALS  OF  POLYMERS  SCIENCE  APPLIED  IN  PHARMACEUTICAL  PRODUCT  DEVELOPMENT 


Leibler,  L.,  Nicolay,  R.,  Rottger,  M.,  2018.  Composition  of  Cross-Linked  Polymers  Comprising  Pending 
Exchangeable  Bonds  and  Exchangeable  Cross-Links,  Via  Aldehyde-Imine  and/or  Imine— Imine  Exchange 
Reactions,  Preparation  Processes  and  Use.  Google  Patents. 

Li,  Y.,  Maciel,  D.,  Rodrigues,  J.O.,  Shi,  X.,  Tomas,  H.,  2015.  Biodegradable  polymer  nanogels  for  drug/ nucleic  acid 
delivery.  Chem.  Rev.  115  (16),  8564—8608. 

Lindberg,  S.,  Regberg,  J.,  Eriksson,  J.,  Helmfors,  H.,  Munoz-Alarcon,  A.,  Srimanee,  A.,  et  al.,  2015.  A  convergent 
uptake  route  for  peptide-and  polymer-based  nucleotide  delivery  systems.  J.  Control  Release  206,  58-66. 

van  Lith,  R.,  Ameer,  G.A.,  2016.  Antioxidant  polymers  as  biomaterial.  Oxidative  Stress  and  Biomaterials.  Elsevier. 

Loh,  X.J.,  Lee,  T.-C.,  Dou,  Q.,  Deen,  G.R.,  2016.  Utilising  inorganic  nanocarriers  for  gene  delivery.  Biomater.  Sci.  4 
(1),  70-86. 

Lutz,  J.-F.,  Lehn,  J.-M.,  Meijer,  E.,  Matyjaszewski,  K.,  2016.  From  precision  polymers  to  complex  materials  and  sys¬ 
tems.  Nat.  Rev.  Mater.  1  (5),  16024. 

Maheshwari,  R.,  Tekade,  M.,  Sharma,  P.A.,  Tekade,  R.K.,  2015a.  Nanocarriers  assisted  siRNA  gene  therapy  for  the 
management  of  cardiovascular  disorders.  Curr.  Pharm.  Des.  21  (30),  4427—4440. 

Maheshwari,  R.G.,  Thakur,  S.,  Singhal,  S.,  Patel,  R.P.,  Tekade,  M.,  Tekade,  R.K.,  2015b.  Chitosan  encrusted  non¬ 
ionic  surfactant  based  vesicular  formulation  for  topical  administration  of  ofloxacin.  Sci.  Adv.  Mater.  7  (6), 
1163-1176. 

Maheshwari,  R.,  Tekade,  M.,  Gondaliya,  P.,  Kalia,  K.,  D'Emanuele,  A.,  Tekade,  R.K.,  2017.  Recent  advances  in 
exosome-based  nano  vehicles  as  RNA  interference  therapeutic  carriers.  Nanomedicine  (Lond)  12  (21), 
2653-2675. 

Maitz,  M.F.,  2015.  Applications  of  synthetic  polymers  in  clinical  medicine.  Biosurf.  Biotribol.  1  (3),  161—176. 

Maki,  D.G.,  Tambyah,  P.A.,  2001.  Engineering  out  the  risk  for  infection  with  urinary  catheters.  Emerg.  Infect.  Dis. 
7  (2),  342. 

Messier,  K.A.,  Rhum,  J.D.,  1986.  Caprolactone  Polymers  for  Suture  Coating.  Google  Patents. 

Mori,  H.,  Cheng,  Q.,  Lutter,  C.,  Acampado,  E.,  Guo,  L.,  Kutyna,  M.,  et  al.,  2017.  Endothelial  maturation  and  func¬ 
tion  following  implantation  of  abluminal  coating  biodegradable  polymer  based  sirolimus-eluting  metallic  stent 
versus  conformal  coating  durable  polymer  based  everolimus  eluting  stent.  J.  Am.  Coll.  Cardiol.  69  (11  Suppl.), 
1066. 

Moro,  T.,  Takatori,  Y.,  Ishihara,  K.,  Konno,  T.,  Takigawa,  Y.,  Matsushita,  T.,  et  al.,  2004.  Surface  grafting  of  artifi¬ 
cial  joints  with  a  biocompatible  polymer  for  preventing  periprosthetic  osteolysis.  Nat.  Mater.  3  (11),  829. 

Moura,  L.I.,  Dias,  A.M.,  Carvalho,  E.,  de  Sousa,  H.C.,  2013.  Recent  advances  on  the  development  of  wound  dres¬ 
sings  for  diabetic  foot  ulcer  treatment — a  review.  Acta  Biomater.  9  (7),  7093— 7114. 

Movassaghian,  S.,  Merkel,  O.M.,  Torchilin,  V.P.,  2015.  Applications  of  polymer  micelles  for  imaging  and  drug 
delivery.  Wiley  Interdiscipl.  Rev.  Nanomed.  Nanobiotechnol.  7  (5),  691— 707. 

Muthukumar,  M.,  2016.  Polymer  Translocation.  CRC  Press. 

Nahire,  R.,  Haidar,  M.K.,  Paul,  S.,  Ambre,  A.H.,  Meghnani,  V.,  Layek,  B.,  et  al.,  2014.  Multifunctional  polymer- 
somes  for  cytosolic  delivery  of  gemcitabine  and  doxorubicin  to  cancer  cells.  Biomaterials  35  (24),  6482—6497. 

Neuhaus,  K.,  Ritter,  H.,  2015.  Forgotten  monomers:  isotactic  polymers  from  N-benzyl-3-methylenepyrrolidin-2- 
one  via  free  radical  polymerization.  Polym.  Int.  64  (12),  1690—1694. 

Nicholson,  J.,  2017.  The  Chemistry  of  Polymers.  Royal  Society  of  Chemistry. 

Pan,  X.,  Tasdelen,  M.A.,  Laun,  J.,  Junkers,  T.,  Yagci,  Y.,  Matyjaszewski,  K.,  2016.  Photomediated  controlled  radical 
polymerization.  Prog.  Polym.  Sci.  62,  73—125. 

Papagiannaros,  A.,  Dimas,  K.,  Papaioannou,  G.T.,  Demetzos,  C.,  2005.  Doxorubicin— PAM  AM  dendrimer  complex 
attached  to  liposomes:  cytotoxic  studies  against  human  cancer  cell  lines.  Int.  J.  Pharm.  302  (1-2),  29—38. 

Park,  I.H.,  Medishetty,  R.,  Lee,  H.H.,  Mulijanto,  C.E.,  Quah,  H.S.,  Lee,  S.S.,  et  al.,  2015.  Formation  of  a  syndiotactic 
organic  polymer  inside  a  MOF  by  a  [2  +  2]  photo-polymerization  reaction.  Angew.  Chem.  Int.  Ed.  54  (25), 
7313-7317. 

Payamyar,  P.,  King,  B.T.,  Oettinger,  H.C.,  Schliiter,  A.D.,  2016.  Two-dimensional  polymers:  concepts  and  perspec¬ 
tives.  Chem.  Commun.  52  (1),  18—34. 

Peek,  G.J.,  Killer,  H.M.,  Reeves,  R.,  Sosnowski,  A.W.,  Firmin,  R.K.,  2002.  Early  experience  with  a  polymethyl  pen- 
tene  oxygenator  for  adult  extracorporeal  life  support.  ASAIO  J.  48  (5),  480-482. 

Peng,  B.,  Chen,  Y.,  Leong,  K.W.,  2015.  MicroRNA  delivery  for  regenerative  medicine.  Adv.  Drug  Deliv.  Rev.  88, 
108-122. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


REFERENCES 


111 


Peng,  L.,  Liu,  S.,  Feng,  A.,  Yuan,  J.,  2017.  Polymeric  nanocarriers  based  on  cyclodextrins  for  drug  delivery: 
host— guest  interaction  as  stimuli  responsive  linker.  Mol.  Pharm.  14  (8),  2475— 2486. 

Plesch,  P.H.,  2016.  The  Chemistry  of  Cationic  Polymerization.  Elsevier. 

Postupalenko,  V.,  Desplancq,  D.,  Orlov,  I.,  Arntz,  Y.,  Spehner,  D.,  Mely,  Y.,  et  al.,  2015.  Protein  delivery  system 
containing  a  nickel-immobilized  polymer  for  multimerization  of  affinity-purified  his-tagged  proteins  enhances 
cytosolic  transfer.  Angew.  Chem.  Int.  Ed.  54  (36),  10583—10586. 

Rasmussen,  S.C.,  2017.  Early  history  of  conductive  organic  polymers.  Conductive  Polymers.  CRC  Press. 

Reece,  T.B.,  Maxey,  T.S.,  Kron,  I.L.,  2001.  A  prospectus  on  tissue  adhesives.  Am.  J.  Surg.  182  (2),  S40— S44. 

Rizwan,  M.,  Yahya,  R.,  Hassan,  A.,  Yar,  M.,  Azzahari,  A.D.,  Selvanathan,  V.,  et  al.,  2017.  Erratum:  pH  sensitive 
hydrogels  in  drug  delivery:  brief  history,  properties,  swelling,  and  release  mechanism,  material  selection  and 
applications.  Polymers  2017,  9,  137.  Polymers  9  (6),  225. 

Rodriguez,  F.,  Cohen,  C.,  Ober,  C.K.,  Archer,  L.,  2014.  Principles  of  Polymer  Systems.  CRC  Press. 

Sarisozen,  C.,  Salzano,  G.,  Torchilin,  V.P.,  2015.  Recent  advances  in  siRNA  delivery.  Biomol.  Concepts  6  (5-6), 
321-341. 

Schnieders,  J.,  Gbureck,  U.,  Thull,  R.,  Kissel,  T.,  2006.  Controlled  release  of  gentamicin  from  calcium  phosphate — 
poly  (lactic  acid-co-glycolic  acid)  composite  bone  cement.  Biomaterials  27  (23),  4239-4249. 

Schultz,  J.M.,  2017.  Properties  of  Solid  Polymeric  Materials:  Treatise  on  Materials  Science  and  Technology. 
Elsevier. 

Sharma,  P.A.,  Maheshwari,  R.,  Tekade,  M.,  Tekade,  R.K.,  2015.  Nanomaterial  based  approaches  for  the  diagnosis 
and  therapy  of  cardiovascular  diseases.  Curr.  Pharm.  Des.  21  (30),  4465—4478. 

Shea,  L.D.,  Smiley,  E.,  Bonadio,  J.,  Mooney,  D.J.,  1999.  DNA  delivery  from  polymer  matrices  for  tissue  engineer¬ 
ing.  Nat.  Biotechnol.  17  (6),  551. 

Sheldon,  R.A.,  Pereira,  P.C.,  2017.  Biocatalysis  engineering:  the  big  picture.  Chem.  Soc.  Rev.  46  (10),  2678—2691. 

Shiono,  A.,  Hosaka,  A.,  Watanabe,  C.,  Teramae,  N.,  Nemoto,  N.,  Ohtani,  H.,  2015.  Thermoanalytical  characteriza¬ 
tion  of  polymers:  a  comparative  study  between  thermogravimetry  and  evolved  gas  analysis  using  a 
temperature-programmable  pyrolyzer.  Polym.  Testing  42,  54—61. 

Shit,  S.C.,  Shah,  P.M.,  2014.  Edible  polymers:  challenges  and  opportunities.  J.  Polym.  2014. 

Singh,  A.,  Amiji,  M.M.,  2018.  Stimuli-responsive  Drug  Delivery  Systems.  Royal  Society  of  Chemistry. 

Soma,  D.,  2015.  Polymer-Drug  Conjugates  and  Hybrid  Nano-Structures  for  Anticancer  Drug  Delivery  and  Label- 
Free  Cellular  Imaging.  SCTIMST. 

Sosnik,  A.,  das  Neves,  J.,  Sarmento,  B.,  2014.  Mucoadhesive  polymers  in  the  design  of  nano-drug  delivery  systems 
for  administration  by  non-parenteral  routes:  a  review.  Prog.  Polym.  Sci.  39  (12),  2030—2075. 

Suk,  J.S.,  Xu,  Q.,  Kim,  N.,  Hanes,  J.,  Ensign,  L.M.,  2016.  PEGylation  as  a  strategy  for  improving  nanoparticle- 
based  drug  and  gene  delivery.  Adv.  Drug  Deliv.  Rev.  99,  28—51. 

Suzuki,  Y.,  Steinhart,  M.,  Kappl,  M.,  Butt,  H.-J.,  Floudas,  G.,  2016.  Effects  of  polydispersity,  additives,  impurities 
and  surfaces  on  the  crystallization  of  poly  (ethylene  oxide) (PEO)  confined  to  nanoporous  alumina.  Polymer. 
(Guildf).  99,  273-280. 

Tagaya,  M.,  Nagoshi,  S.,  Matsuda,  M.,  Takahashi,  S.,  Okano,  S.,  Hara,  K.,  2017.  Hemodialysis  membrane  coated 
with  a  polymer  having  a  hydrophilic  blood-contacting  layer  can  enhance  diffusional  performance.  Int.  J.  Artif. 
Organs  40  (12),  665-669. 

Tan,  C.,  Xiong,  S.,  Chen,  C.,  2018.  Fast  and  controlled  ring-opening  polymerization  of  cyclic  esters  by  alkoxides 
and  cyclic  amides.  Macromolecules  51  (5),  2048-2053. 

Tang,  H.,  Murphy,  C.J.,  Zhang,  B.,  Shen,  Y.,  Van  Kirk,  E.A.,  Murdoch,  W.J.,  et  al.,  2010.  Curcumin  polymers  as 
anticancer  conjugates.  Biomaterials.  31  (27),  7139— 7149. 

Tehrani,  M.,  Ghalamzan,  Z.,  Sarvestani,  A.,  2018.  Polydispersity  controls  the  strength  of  semi-flexible  polymer  net¬ 
works.  Phys.  Biol.  15  (6),  066002. 

Tekade,  R.,  Maheshwari,  G.S.,  Sharma,  R.A.,  Tekade,  P.M.,  Singh  Chauhan,  A.,  2015.  siRNA  therapy,  challenges 
and  underlying  perspectives  of  dendrimer  as  delivery  vector.  Curr.  Pharm.  Des.  21  (31),  4614—4636. 

Tekade,  R.K.,  Maheshwari,  R.,  Soni,  N.,  Tekade,  M.,  2017a.  Chapter  12 — carbon  nanotubes  in  targeting  and  deliv¬ 
ery  of  drugs  A2 — Mishra,  Vijay.  In:  Kesharwani,  P.,  Amin,  M.C.I.M.,  Iyer,  A.  (Eds.),  Nanotechnology-Based 
Approaches  for  Targeting  and  Delivery  of  Drugs  and  Genes.  Academic  Press. 

Tekade,  R.K.,  Maheshwari,  R.,  Tekade,  M.,  2017b.  4 — Biopolymer-based  nanocomposites  for  transdermal  drug 
delivery.  Biopolymer-Based  Composites.  Woodhead  Publishing. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


112  3.  FUNDAMENTALS  OF  POLYMERS  SCIENCE  APPLIED  IN  PHARMACEUTICAL  PRODUCT  DEVELOPMENT 


Tekade,  R.K.,  Maheshwari,  R.,  Jain,  N.K.,  2018.  9 — Toxicity  of  nanostructured  biomaterials  A2 — Narayan,  Roger. 
Nanobiomaterials.  Woodhead  Publishing. 

Umeyama,  D.,  Horike,  S.,  Inukai,  M.,  Itakura,  T.,  Kitagawa,  S.,  2015.  Reversible  solid-to-liquid  phase  transition  of 
coordination  polymer  crystals.  J.  Am.  Chem.  Soc.  137  (2),  864—870. 

Usatenko,  Z.,  Kuterba,  P.,  Chamati,  H.,  Romeis,  D.,  2017.  Linear  and  ring  polymers  in  confined  geometries.  Eur. 
Phys.  J.  Special  Topics  226  (4),  651— 665. 

Wang,  M.,  Guo,  Y.,  Yu,  M.,  Ma,  P.X.,  Mao,  C.,  Lei,  B.,  2017.  Photoluminescent  and  biodegradable  polycitrate- 
polyethylene  glycol-polyethyleneimine  polymers  as  highly  biocompatible  and  efficient  vectors  for  bioimaging- 
guided  siRNA  and  miRNA  delivery.  Acta  Biomater.  54,  69—80. 

Xiao,  R.,  Nguyen,  T.D.,  2015.  An  effective  temperature  theory  for  the  nonequilibrium  behavior  of  amorphous 
polymers.  J.  Mech.  Phys.  Solids.  82,  62—81. 

Xie,  J.,  Li,  A.,  Li,  J.,  2017.  Advances  in  pH-sensitive  polymers  for  smart  insulin  delivery.  Macromol.  Rapid 
Commun.  38  (23),  1700413. 

Yang,  D.P.,  Oo,  M.N.N.L.,  Deen,  G.R.,  Li,  Z.,  Loh,  X.J.,  2017.  Nano-star-shaped  polymers  for  drug  delivery 
applications.  Macromol.  Rapid  Commun.  38  (21),  1700410. 

Yang,  L.,  Tan,  X.,  Wang,  Z.,  Zhang,  X.,  2015.  Supramolecular  polymers:  historical  development,  preparation, 
characterization,  and  functions.  Chem.  Rev.  115  (15),  7196— 7239. 

Yokozawa,  T.,  Ohta,  Y.,  2015.  Transformation  of  step-growth  polymerization  into  living  chain-growth  polymeriza¬ 
tion.  Chem.  Rev.  116  (4),  1950—1968. 

Yoshida,  T.,  Lai,  T.C.,  Kwon,  G.S.,  Sako,  K.,  2013.  pH-and  ion-sensitive  polymers  for  drug  delivery.  Expert.  Opin. 
Drug.  Deliv.  10  (11),  1497—1513. 

Yuba,  E.,  Yamaguchi,  A.,  Yoshizaki,  Y.,  Harada,  A.,  Kono,  K.,  2017.  Bioactive  polysaccharide-based  pH-sensitive 
polymers  for  cytoplasmic  delivery  of  antigen  and  activation  of  antigen-specific  immunity.  Biomaterials.  120, 
32-45. 

Zhang,  Z.,  Wan,  T.,  Chen,  Y.,  Chen,  Y.,  Sun,  H.,  Cao,  T.,  et  al.,  2018.  Cationic  polymer-mediated  CRISPR/Cas9 
plasmid  delivery  for  genome  editing.  Macromol.  Rapid  Commun.,  1800068. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


CHAPTER 


Use  of  Polymers  in  Controlled 
Release  of  Active  Agents 

Sharad  Prakash  Pandey  ,  Tripti  Shukla  ,  Vinod  Kumar  Dhote  , 
Dinesh  K.  Mishra  ,  Rahul  M aheshwari  ’5  and 
Rakesh  K.  Tekade 

1Truba  Institute  of  Pharmacy,  Bhopal,  India  2School  of  Pharmacy  and  Research,  Peoples 
University,  Bhopal,  India  3School  of  Pharmacy  and  Technology  Management,  SVKM’s  NMIMS, 
Shirpur,  India  4National  Institute  of  Pharmaceutical  Education  and  Research  (NIPER)- 
Ahmedabad,  Gandhinagar,  Gujarat,  India  department  of  Pharmaceutics,  BM  College  of 
Pharmaceutical  Education  and  Research,  Indore,  India 


OUTLINE 


4.1  Introduction  to  Controlled  Release 


System  114 

4.2  Introduction  to  Polymer  Science  116 

4.2.1  Role  of  Polymers  in  Control  Release 

System  1 1 6 

422  Drug  Release  Mechanisms  for 

Controlled  Drug  Delivery  1 1 8 

42.3  Diffusion- Controlled  Systems  120 

42.4  Solvent' Activated  Systems  121 

42.5  Biodegradable  System  122 

4.3  Polymers  Used  in  the  Controlled 

Release  System  123 

4.3.1  Natural  Polymers  123 

4.3.2  Synthetic  Polymers  135 

4.3.3  Others  and  Branded  Polymers  145 


4.4  Factors  Affecting  Biodegradation  of 

Polymers  149 

4.4.1  Chemical  Structure  149 

4.42  Chemical  Composition  150 

4.4.3  Distribution  of  Repeat  Units  in 

Multimers  150 

4.4.4  Presence  of  Ionic  Groups  150 

4.4.5  Presence  of  Unexpected  Units  or 

Chain  Defects  150 

4.4.6  Configuration  Structure  151 

4.4.7  Molecular  Weight  151 

4.4.8  Molecular'Weight  Distribution  151 

4.4.9  Morphology  (Amorphous/ 

Semicrystalline,  Microstructures, 
Residual  Stresses)  151 


Basic  Fundamentals  of  Drug  Delivery 

DOI:  https://doi.org/10.1016/B978-0A2-817909-3.00004-2  113 


©  2019  Elsevier  Inc.  All  rights  reserved. 


114  4.  USE  OF  POLYMERS  IN  CONTROLLED  RELEASE  OF  ACTIVE  AGENTS 


4-4. 1 0  Presence  of  Low -Molecular -Weight 

4.6.2  Herbal  Extracts 

157 

Compounds 

151 

4.6.3  Protein  and  Peptides 

157 

4 .4 .11  Processing  Conditions 

152 

4.6.4  Polymer  siRNA  Conjugate 

158 

4 A.  12  Annealing 

152 

4.6.5  Polymers  Used  to  Regulate 

4 A.  13  Sterilization  Process 

152 

miRNA 

159 

4 A. 14  Storage  History 

152 

4.6.6  shRNA 

159 

4-4.15  Shape  of  the  Polymer 

153 

4.6.7  Oligonucleotides 

159 

4  A- 16  Site  of  Implantation 

153 

4.6.8  DNA 

159 

4  A >17  Adsorbed  and  Absorbed  Compounds 
(Water,  Lipids,  Ions,  etc.)  153 

4 A.  18  Physicochemical  Factors  (Ion 

Exchange,  Ionic  Strength,  pH)  153 

4.7  Modern  Polymers  for  Modified  Release: 
Polymers  for  the  21st  Century  160 

4.7.1  M olecularly  Imprinted  Polymers  160 

4.7.2  Endosomolytic  Polymers  160 

4.5  Polymers  for  Response-Based 

4.7.3  Copolymers  With  Desirable 

Release 

154 

Hydrophilic /Hydrophobic 

4.5.1  Polymers  Based  on  Temperature 

154 

Interactions 

161 

4 .5. 2  Polymers  Based  on  pH 

154 

4.7 A  Complexation  Networks  Responding 

4.5.3  Polymers  Based  on  Redox 

via  Hydrogen  or  Ionic  Bonding 

161 

Potential 

155 

4.7.5  Dendrimers  or  Star  Polymers  as 

4.5.4  Glucose -Responsive  Polymers 

155 

Nanoparticles  for  Immobilization  of 

4.5.5  Ionic  Strength 

155 

Enzymes,  Drugs,  Peptides,  or  Other 

4.5.6  Chemical  Species 

155 

Biological  Agents 

161 

4.5.7  Enzyme -Substrate 

156 

4.7.6  New  Blends  of  Hydrocolloids  and 

4.5.8  Magnetic  Field  Responsive 

Carbohydrate -Based  Polymers 

162 

Polymers 

4.5.9  Ultrasound  Irradiation 

156 

156 

4.8  Conclusion 

162 

4.6  Polymer  Conjugate  Systems  for 

Acknowledgment 

162 

Controlled  Release  of  Various 
Bioactive 

156 

Abbreviations 

References 

163 

164 

4.6.1  Drug— Polymer  Conjugates 

157 

4.1  INTRODUCTION  TO  CONTROLLED  RELEASE  SYSTEM 


Conventional  drug  delivery  systems  such  as  immediate-release  tablets  and  capsules 
have  several  limitations  such  as  frequent  dosing,  poor  bioavailability,  gastric  irritancy, 
poor  patient  compliance,  etc.  Controlled  drug  delivery  has  evolved  as  a  potential  tool  to 
counter  such  problems  by  delivering  the  drug  at  a  predetermined  rate  for  a  stipulated 
time  duration.  Such  formulations  are  designed  in  such  a  way  the  therapeutic  concentration 
of  the  drug  should  always  reside  in  therapeutic  window  avoiding  the  toxic  and  ill  effects 
occurring  due  to  overdose  (Weiser  and  Saltzman,  2014),  as  shown  in  Fig.  4.1. 

The  controlled  release  drug  delivery  system  consists  of  the  total  cumulative  amount  of 
the  drug  that  has  to  be  administered  at  one  time  to  get  the  optimum  and  desired  effect, 
along  with  the  optimum  amount  of  polymeric  material,  which  controls  the  release  of  an 
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Therapeutic 
'  index 


MEC-Minimum  effective  concentration 
MTC-Maximum  therapeutic  concentration 


FIGURE  4.1  Diagrammatic  representation  of  the  release  pattern  of  the  drug  in  immediate-release  dosage  and 
CDDS. 

excess  amount  of  the  drug  either  by  developing  a  diffusion  based  model  or  dissolution 
controlled  system.  Similarly  the  osmotically  driven  systems  (ODS)  for  controlling  the 
release  behavior  have  also  drawn  the  attention  of  the  formulation  community,  but  there 
are  not  many  products  present  in  the  market  and  so  this  type  of  system  has  potential  for 
further  work  (Du  et  al.,  2017). 

Since  1950,  controlled  drug  delivery  systems  (CDDSs)  have  changed  many  times  before 
coming  to  their  present  shape.  On  the  basis  of  their  development  they  can  be  broadly  clas¬ 
sified  into  three  basic  categories  (Fig.  4.2). 

It  was  believed  that  the  first  generation  of  products  (Matrix  tablets,  TDDS)  were  super¬ 
ior  to  the  second-generation  product  poly(lactic-co-glycolic  acid)  (PLGA)  depots,  especially 
in  terms  of  better  control  of  drug  release.  This  might  have  been  because  of  tough  formula¬ 
tion  conditions  and  types  leading  sometimes  to  burst  release  of  the  drug  by  up  to  50%, 
which  is  never  desired,  and  the  development  of  newer  formulation  needs  more  focus  so 
that  such  formulation  problems  can  be  addressed  successfully,  especially  during  the  devel¬ 
opment  of  CDDSs  where  targeting  of  the  bioactive  is  being  planned  (Yun  et  al.,  2015). 

Controlled  drug  delivery  systems  have  been  developed  mainly  to  overcome  the  pro¬ 
blems  associated  with  conventional  dosage  form.  The  common  advantages  of  such  deliv¬ 
ery  systems  are  that  the  dosage  frequency  can  be  reduced  by  administering  the  complete 
dose  of  the  drug  with  controlled  release  polymeric  matrix  in  such  a  way  that  the  matrix 
will  release  the  drug  for  a  longer  time  with  predetermined  rate,  eliminating  the  chance  of 
forgetting  the  particular  dose  and  leading  to  better  patient  compliance.  Increased  bio¬ 
availability,  improved  stability,  decreased  or  eliminated  toxic  effect  of  the  drug  due  to 
repetitive  and  chronic  use  of  the  drug,  and  reduction  of  drug  loss  due  to  continuous  elim¬ 
ination  are  some  major  advantages  of  such  drug  delivery  systems.  Sometimes,  the  total 
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Generations  of  controlled  drug  delivery  system 


FIGURE  4.2  Comparative  details  of  three  generations  of  CDDS. 

use  of  the  drug  may  be  reduced  in  a  comparison  to  conventional  dosage  forms 
(Mitragotri  et  al.,  2014). 


4*2  INTRODUCTION  TO  POLYMER  SCIENCE 


General  observation  says  that  the  control  of  release  in  the  majority  of  delivery  systems 
is  done  by  using  a  single  polymer  or  a  combination  of  polymers  according  to  the  physio- 
chemical  properties  of  the  drug.  The  use  of  polymers  by  formulation  scientists  involved  in 
product  development  is  very  evident  (Carraher,  2017). 


4*2*1  Role  of  Polymers  in  Control  Release  System 

Controlled  drug  delivery  of  any  drug  may  be  prepared  by  mixing  it  with  an  optimum 
concentration  of  polymer,  which  slows  down  the  release  of  the  drug  in  the  medium  by 
these  basic  mechanisms: 

•  Diffusion-controlled  system 

•  Dissolution-controlled  system 
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It  has  been  observed  by  various  researchers  and  reported  in  the  literature  that  the 
release  control  of  any  therapeutic  with  the  help  of  polymers  depends  on  the  microenviron¬ 
ment  where  the  drug  is  present,  pH  of  the  dissolution  medium,  temperature,  volume  of 
dissolution  media,  etc.  Ideally,  a  CDDS  should  be  designed  in  such  a  way  that  the  opti¬ 
mum  concentration  of  the  drug  required  for  the  therapeutic  effect  should  reach  its  Cmax 
in  systemic  circulation  and  maintain  the  same  concentration  for  a  long  period  of  time 
(Park,  2014). 

In  recent  years,  CDDS  and  the  use  of  polymer  for  the  development  of  such  formulations 
have  undergone  a  tremendous  change  and  become  more  sophisticated.  Various  research 
studies  show  that  the  CDDS  formulation  using  biocompatible  polymers  like  natural  poly¬ 
saccharides,  stimuli-sensitive,  environmentally  sensitive,  smart  polymers,  etc.  has  shown 
better  release  behavior  to  the  specific  site  leading  to  a  decrement  in  the  toxicity  (Tekade 
et  al.,  2017b). 

There  are  different  types  of  polymers  utilized  by  the  pharmaceutical  industry.  On  the 
basis  of  their  origination,  structure,  type  of  polymerization,  molecular  force,  and  solubility 
behavior,  these  polymers  may  be  classified  into  several  other  subclasses  (Reis  et  al.,  2017). 
Fig.  4.3  depicts  the  different  types  of  polymers  with  their  subclasses  and  probable 
examples. 
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FIGURE  4.3  Classification  of  polymers  with  examples. 
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4*2*2  Drug  Release  Mechanisms  for  Controlled  Drug  Delivery 

Controlled  delivery  of  therapeutics  using  the  polymer  is  being  improved  daily.  It  is  a 
very  well-known  fact  that  a  better  control  over  the  drug  release  may  increase  the  safety, 
efficacy,  and  bioavailability  of  any  drug  with  increased  patient  compliance.  The  basic  pur¬ 
pose  of  the  formulation  of  such  a  delivery  system  is  to  achieve  a  better  benefit— risk  ratio. 
Temporal  and  distribution  control  mechanisms  are  the  two  major  ways  by  which  better 
control  on  the  release  of  the  drug  and  its  impact  may  be  achieved.  A  temporal  control  sys¬ 
tem  mainly  focuses  on  the  delivery  of  the  drug  in  a  controlled  manner  for  an  extended 
period  of  time,  while  the  distribution  control  system  focuses  on  the  delivery  of  drug  at  the 
specific  site.  Further,  the  various  control  mechanisms  may  also  be  classified  as  degradation 
controlled  system,  diffusion  controlled  systems,  solvent-activated  system,  chemically  con¬ 
trolled  systems  (Allen  and  Cullis,  2013). 

4.2.2. 1  Degradation  Controlled  System 

Degradation  may  be  defined  as  the  process  of  becoming  weaker  and  finally  breaking 
off.  In  another  word  the  scissoring  of  the  intact  outer  polymeric  layer  occurs,  leading  to 
the  formation  of  a  monomer.  In  the  degradation  controlled  system,  the  polymer  material 
gets  eroded  after  developing  a  slightly  swellable  erodible  front  and  releases  the  drug 
entangled  into  the  polymer  matrix  (Kamaly  et  al.,  2016).  The  basic  concept  of  erosion  and 
drug  release  from  such  matrix  is  shown  by  Fig.  4.4. 

There  are  a  number  of  ways  that  may  lead  to  the  process  of  final  polymeric  degrada¬ 
tion.  These  are  photoerosion,  thermal  erosion,  mechanical  erosion,  and  chemical  erosion. 
The  first  three  ways  of  degradation  may  also  be  regarded  as  physical  erosion.  Basically, 
erosion  is  a  very  complex  phenomenon,  which  may  be  affected  by  the  nature  of  the  poly¬ 
mer,  its  crystallinity,  its  swelling  behavior,  dissolution,  etc.  (Kamaly  et  al.,  2016). 

4.2.2.1.1  CHEMICAL  EROSION 

Chemical  erosion  is  one  of  the  most  common  and  important  phenomena  involved  in 
the  degradation  of  the  polymer.  The  most  common  chemical  change  that  occurs  during 
this  type  of  erosion  involves  hydrolysis  and/or  bond  breaking  either  due  to  water  or  due 
to  a  different  type  of  enzyme.  As  already  mentioned  it  is  a  very  complex  phenomenon, 
but  it  has  been  observed  that  the  movement  of  the  water  inside  the  polymeric  matrix 

FIGURE  4.4  Schematic  representa¬ 
tion  of  drug  release  by  polymer 
degradation. 
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triggers  the  hydrolysis  process,  which  may  lead  to  either  the  formation  of  cross-linked  bio¬ 
degradable  system  or  solubilization  of  polymer  by  due  to  ionization /protonation  or  con¬ 
version  of  insoluble  polymer  in  simple  and  soluble  polymer  by  cleavage  of  backbone 
bonds,  leading  to  the  change  in  the  structure  of  the  polymer  at  the  microlevel  (Bianchi 

et  al.,  2013). 

Generally,  chemical  erosion  occurs  by  all  the  three  possible  mechanisms.  Colon  target¬ 
ing  of  therapeutics  by  using  polymers  having  glycosidase  or  Azo-linkage  (within  the  poly¬ 
mer  or  between  the  drug  and  polymer)  that  get  degraded  by  glycosidase  or  Azo-reductase 
enzyme  present  in  the  colon  may  be  regarded  as  a  suitable  example  of  chemical  erosion. 

4.2.2.1.2  PHYSICAL  EROSION 

Physical  erosion  systems  are  another  very  important  way  of  drug  release  from  the  poly¬ 
meric  matrix.  In  a  polymeric  matrix  or  monolith  where  the  drug  molecules  are  uniformly 
dispersed  in  the  matrix  of  polymer  (Fig.  4. 5 A)  when  placed  in  the  dissolution  media,  the 
drug  release  either  occurs  through  surface  erosion  or  bulk  erosion  (Fig.  4.5A)  if  the  poly¬ 
mer  is  soluble. 

In  the  case  of  surface  erosion,  initial  swelling  of  polymer  at  the  surface  is  followed  by 
its  dissolution  leading  to  the  erosion  of  the  surface  front,  while  in  the  case  of  bulk  erosion 
the  movement  of  polymeric  molecules,  diluents,  and  the  drug  occurs  from  the  entire  bulk 
matrix,  which  leads  to  the  increased  porosity  and  decreased  density  of  the  matrix  without 
any  change  in  the  volume.  But  as  the  deformation  of  the  system  increases  the  volume  also 
decreases  (Ding  and  Li,  2017). 

The  deformation  in  the  polymeric  matrix  may  also  be  due  to  the  interaction  of  the 
matrix  system  at  the  mucosal,  surface  removal  due  to  the  rubbing  and  interaction  during 
cyclical  movement.  Cavitations  and  corrosion  may  also  be  a  very  important  reason  for 
such  deformation. 

In  their  work,  Munday  et  al.  have  reported  that  xanthan  gum  shows  more  swelling  but 
less  erosion,  but  karaya  gum  shows  less  swelling  and  more  erosion.  In  short,  we  can  say 


FIGURE  4.5  (A)  Drug  containing  polymer  matrix.  (B)  Drug  release  by  bulk  erosion  of  the  polymer. 
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that  the  xanthan  gum  shows  the  pattern  of  bulk  erosion  while  the  karaya  gum  shows  less 
hydration  and  surface  erosion  (Munday  and  Cox,  2000). 


4*2*3  Diffusion-Controlled  Systems 


In  general,  whenever  a  formulation  is  placed  in  the  dissolution  medium,  the  release  of 
the  drug  basically  follows  the  well-known  and  most  accepted  theory  of  diffusion  layer 
based  on  Fick's  first  law  of  diffusion  (Eq.  4.1). 


dC 

dt 


DAK-W /o 
Vh 


(Cs-Cb) 


(4.1) 


where  dC/dt  =  rate  of  diffusion,  D  =  diffusivity  constant,  A  =  surface  area  of  drug  core, 
(Cs— Cb)  =  concentration  gradient,  Kw/0  =  water /oil  partition  coefficient  of  drug,  V  =  the 
volume  of  media  where  the  drug/ formulation  is  placed,  and  h  =  thickness  of  stagnant 
layer  (Peppas  and  Narasimhan,  2014). 

On  the  basis  of  above  phenomenon,  it  can  be  said  that  the  release  of  any  drug  can  be 
regulated  by  controlling  the  diffusion  (movement  of  drug  molecules  from  higher  to  lower 
concentration),  which  is  clearly  dependent  on  the  movement  of  water  through  the  release 
controlling  matrix  (polymer).  In  another  word,  the  speed  of  swelling  the  polymeric  matrix 
controls  the  process  of  diffusion.  But  before  coming  to  any  conclusion  we  have  to  under¬ 
stand  the  fact  that  the  controlling  of  the  drug  release  may  occur  either  through  a  polymeric 
matrix  or  by  the  reservoir-like  system  (Fig.  4. 6 A)  having  a  polymeric  membrane,  which 
controls  the  release  of  drug.  In  the  case  of  polymeric  systems,  the  drug  is  entangled  in  the 
polymer  matrix,  so  the  expansion  of  the  volume  (Fig.  4.6B)  causes  nearly  uniform  swelling 
(Chude-Okonkwo  et  al.,  2015). 

As  the  swelling  front  increases  the  pores  for  the  movement  of  water  and  soluble  drug 
molecules  get  enlarged  and  when  the  size  of  these  pores  enlarges  enough  (Fig.  4.6C  and 
D),  rather  than  the  water-soluble  drug  molecule,  the  drug  starts  to  diffuse  through  it. 

In  the  reservoir-like  system  (Fig.  4.7A),  the  core  drug  reservoir  is  coated  with  the  release 
controlling  polymeric  membrane  and  when  this  system  is  placed  in  the  dissolution 
medium,  the  solvent  starts  to  penetrate  through  the  membrane  and  to  dissolve  the 


FIGURE  4.6  Schematic  representation  of  drug  release  from  swelled  polymer  matrix.  (A)  Drug  entangles  in 
polymer  matrix.  (B)  and  (C)  Development  of  swelling  front  due  to  swelling  of  polymer  matrix.  (D)  Release  of  the 
drug  from  the  swelled  polymeric  matrix. 
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Polymeric  membrane 
controlling  the  drug  release 


Released  drug 
molecule 
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with  diluents 


FIGURE  4.7  Schematic  representation 
of  the  reservoir-like  system.  (A)  Drug  res¬ 
ervoir  with  drug  in  the  core.  (B)  Drug 
release  from  the  system  due  to  a  change  in 
the  permeability  of  the  membrane. 


outermost  layer  of  the  drug  of  the  reservoir  leading  to  the  thick  hydrodynamic  diffusion 
layer  (Fig.  4.7B)  (Mohammed  et  al.,  2016). 

At  the  same  time  due  to  the  sealing  of  the  polymeric  membrane,  a  stagnant  solution 
layer  also  forms  on  the  surface,  enabling  the  natural  movement  of  the  dissolved  drug 
from  the  reservoir  to  the  outer  solution  system  through  the  natural  principle  of  diffu¬ 
sion  (Eq.  4.2). 


dC  _  _ 

^aCs_Cb 


(4.2) 


As  the  release  of  the  drug  is  also  based  on  the  thickness  of  hydrodynamic  diffusion  and 
surface  area  of  the  controlling  membrane,  it  should  always  be  managed  in  such  a  way  that 
the  thickness  of  the  layer  should  be  properly  managed  with  the  effective  surface  area  of 
the  diffusion  so  that  better  control  on  the  release  may  be  achieved  (Peppas  and 

Narasimhan,  2014). 

Control  on  the  release  of  the  drug  from  any  formulation  may  also  be  achieved  by  com¬ 
bining  both  approaches,  that  is,  the  matrix-controlled  system  and  membrane-controlled 
system.  Polymer  solubility  in  any  of  the  above-explained  systems  also  plays  a  very  impor¬ 
tant  role  in  the  controlled  release  of  the  drug  through  such  systems.  It  always  requires  the 
solubility  of  polymer  too  for  the  better  release  of  the  drug.  It  is  also  evident  that  the  poly¬ 
mer  solubility  with  different  drug  molecules  is  changed  drastically  and  thus  is  effective 
for  the  release  of  the  drug  too.  This  drastic  change  in  solubility  of  the  polymer  may  be  due 
to  the  chemical  behavior  of  drug,  variation  in  the  functional  group,  and  stereochemical 
configuration  (Kydonieus,  2017). 


4*2*4  Solvent-Activated  Systems 

In  the  solvent-activated  system,  the  polymer  and  drug  mixture  is  placed  in  a  casing  or 
coated  with  the  polymeric  membrane  and  for  drug  release,  it  is  mandatory  that  the  water 
must  be  uptaken  by  the  polymeric  mix  causing  its  dissolution.  In  another  system,  the  cas¬ 
ing  may  also  have  some  material  with  the  polymer  and  drug  that  may  change  the  osmotic 
behavior  of  the  system  leading  to  the  inside  movement  of  water  as  shown  in  Fig.  4.8 
(Rossi  et  al.,  2016). 
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FIGURE  4.8  Solvent-activated  system  shown  using  a 
schematic  of  the  osmotic  capsule. 


Once  such  hydrodynamic  pressure  is  generated,  the  drug  starts  to  release  from  the 
small  aperture  present  at  one  end  of  the  casing  or  polymer  coated  matrix  system.  The 
release  from  such  systems  may  be  represented  by  Eq.  4.3. 


dM  _  KJ1C 

Mt  r 


(4.3) 


where  K  =  constant  (equal  to  the  product  of  membrane  hydraulic  permeability  and  its 
reflection  coefficient),  J1  =  osmotic  pressure  due  to  osmogen,  C  =  drug  concentration, 
Z  =  thickness  of  the  polymeric  semipermeable  membrane,  and  dM/Adt  =  release  of  the 
drug  (Begum  et  al.,  2017). 


4*2*5  Biodegradable  System 

Biodegradable  polymers  mostly  contain  glycoside,  ester,  azo,  amide,  anhydride,  etc. 
bonds  that  can  be  easily  broken  by  the  enzymes  of  a  biological  system.  These  polymers 
also  have  a  good  tendency  to  become  soluble  in  water,  and  both  of  the  above-mentioned 
ways  are  responsible  for  the  erosion  and  degradation  of  polymers.  Gum  karaya  and 
xanthan  gum  may  be  regarded  as  a  suitable  example  of  an  erodible  matrix.  At  the  same 
time,  there  are  a  number  of  polymers  that  have  been  reported  to  have  high  swelling  capac¬ 
ity  leading  to  the  formation  of  the  diffusion  system  in  properly  compressed  form 
(Wroblewska-Krepsztul  et  al.,  2018;  Tekade  and  Chougule,  2013;  Tekade  et  al.,  2014; 
Youngren  et  al.,  2013). 

Kumari  et  al.  have  reported  the  various  release  mechanism  followed  by  the  drug  in 
case  of  a  biodegradable  polymeric  matrix.  In  short,  we  can  say  that  the  biodegradable 
system  follows  all  three  mechanisms  of  drug  release,  that  is,  by  surface  or  bulk  erosion 
of  polymeric  matrix,  by  scissoring  of  the  bond  by  enzymes,  or  hydrolysis  and 
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diffusion  through  a  polymeric  matrix.  But  in  general,  it  has  been  observed  that  the 
biodegradable  system  follows  the  combination  of  all  three  mechanisms  of  drug  release 

(Kumari  et  al.,  2010). 


4*3  POLYMERS  USED  IN  THE  CONTROLLED  RELEASE  SYSTEM 

Short  half-life,  low  bioavailability,  and  high  dosing  frequency  are  some  major  short¬ 
comings  of  a  number  of  drugs,  so,  during  the  development  of  formulations  and  for  bet¬ 
ter  utility  and  efficacy  these  things  should  be  clearly  addressed.  At  the  same  time, 
chemical  and  physical  instability  of  a  drug  is  also  a  major  concern  during  formulation 
development.  Polymers  are  thought  to  be  a  better  alternative  to  deal  with  the  above  con¬ 
cerns  and  the  utility  of  these  materials  is  increasing  day  by  day  as  the  pharmaceutical 
industry  expands  globally.  Apart  from  the  conventional  use  of  polymers  such  as  dilu¬ 
ents,  binders,  suspending  and  emulsifying  agents,  film  coating  materials,  etc.,  polymers 
have  proven  their  efficacy  in  the  development  of  newer  modified  drug  delivery  systems 
(Shit  and  Shah,  2014). 

In  the  case  of  CDDS,  the  basic  purpose  of  the  polymer  is  to  provide  controlled  or  sus¬ 
tained  release  of  the  drug  in  such  fashion  that  the  drug  is  released  for  a  longer  time 
duration  so  that  the  dosing  frequency  of  that  medication  may  be  minimized.  On  the 
basis  of  their  chemistry,  degradation  pattern,  and  utility,  polymers  may  be  classified 
into  different  groups.  But  the  present  work  is  more  focused  on  the  utility  of  polymers  in 
the  design  of  formulations  in  the  pharmaceutical  sector,  and  on  the  basis  of  their  degra¬ 
dation  pattern  and  utility  pharmaceutical  polymers  may  be  mainly  classified  as  biode¬ 
gradable  and  nonbiodegradable  polymers  (Hu  et  al.,  2014).  On  the  basis  of  both, 
polymers  may  be  divided  into  three  major  categories,  that  is,  synthetic,  semisynthetic, 
and  natural  (Fig.  4.9). 


4*3*1  Natural  Polymers 

In  recent  decades,  natural  polymers  have  become  the  prime  choice  for  the  development 
of  drug  delivery  systems  due  to  their  highly  compatible  and  biodegradable  nature  as  com¬ 
pared  with  synthetic  polymers  (Tekade  et  al.,  2017b).  These  polymers  can  be  obtained 
from  various  natural  resources  like  animals  and  plants,  and  from  marine  and  microbial 
origin  (Gasperini  et  al.,  2014;  Gandhi  et  al.,  2014;  Maheshwari  et  al.,  2015a,b;  Sharma  et  al., 
2015).  Some  common  examples  of  natural  polymers  for  drug  delivery  are  mentioned  in 
Fig.  4.10. 

4.3. 1.1  Protein-Based  Polymers 

Proteins  have  a  very  complex  structure  and  every  protein  has  a  tendency  to  fold  and 
coil  in  specific  geometry  leading  to  its  specific  properties  and  characteristics.  It  is  also  a 
well-known  fact  that  proteins  are  thermolabile  and  become  denatured;  similarly,  they  also 
become  degraded  by  various  enzymes,  thus  making  proteins  biodegradable  in  nature 

(Werten,  2017). 
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FIGURE  4.10  Some  common  examples  from  different  natural  sources. 
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4.3. 1.1.1  COLLAGEN 

Collagen  is  one  of  the  major  important  proteins  obtained  from  skin,  bone,  muscles,  ten¬ 
dons,  and  connective  tissues  and  has  been  used  in  cosmetic  surgery  for  decades.  But  in 
recent  decades,  various  forms  of  collagen  have  been  used  in  the  development  of  drug 
delivery  systems.  Being  natural,  low  immunogenic  in  nature,  and  easy  to  develop  in  the 
form  of  sheets,  particles,  solutions,  sponges,  matrices,  etc.  makes  collagen  an  ideal  material 
to  be  used  in  the  formulation  industry  as  material  for  therapeutics  and  biologies  (Miller, 
2018).  Some  of  the  common  uses  of  collagen  are  mentioned  in  Fig.  4.11. 

Collagen  may  be  present  in  various  forms  such  as: 

•  Collagen  type  I  [most  abundant  collagen  having  three  chains,  out  of  which  two  are 
identical  (al)  and  one  with  different  amino  acid  chain  (a2)] 

•  Collagen  type  II  (which  has  a  unique  presence  in  hyaline  cartilage) 

•  Collagen  type  III  (found  in  form  of  a  contaminant  in  collagen  type  I) 

•  Collagen  type  IV  (a  special  type  of  collagen  present  in  the  fibrillar  network) 

Apart  from  these  four  types,  there  are  a  number  of  other  collagens  but  collagen  type  I  is 
the  most  common  and  important,  and  possesses  almost  every  quality  needed  for  use  in 
medical  products.  Natural  cross-linking  present  in  the  collagen  gives  it  high  tensile 
strength  with  proteolytic  resistance.  As  mentioned  in  Fig.  4.11,  collagen  may  be  used  in 
the  formulation  of  different  delivery  systems  but  it  still  has  several  limitations,  like  high 
cost  of  preparation  and  purification,  variability  in  crosslink  density,  fiber  size,  trace  of 
impurities,  easier  release  of  drug  in  comparison  to  synthetic  polymer  due  to 


FIGURE  4.11  Common  delivery 
system  prepared  by  using  collagen  as 
a  polymer. 
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hydrophilicity,  variation  in  the  degradation  pattern,  chances  of  presence  of  microbial  con¬ 
tamination  such  as  bovine  serum  encephalopathy  (BSE),  etc.  (Harkness  and  Nimni,  2018). 

4.3. 1.1.2  ALBUMIN 

Albumin  is  considered  to  be  a  very  effective  and  versatile  polymer  having  585  amino 
acids  in  the  nonglycosylated  polypeptide  chain.  Albumin  is  acidic  in  nature  and  highly 
soluble  showing  its  stability  in  the  pH  range  of  4— 9.  It  has  been  reported  that  albumin  is 
very  stable  even  at  more  than  60°C  for  more  than  110  h.  Apart  from  these  characteristics, 
maintenance  of  osmotic  pressure,  distribution  and  transportation  of  exogenous  legends,  as 
well  as  endogenous  ligands  and  maintenance  of  pH  are  some  very  important  functions  of 
albumin.  It  has  also  been  reported  that  albumin  is  easily  biodegradable  with  lower  or  no 
toxicity  and  immunogenicity  with  high  uptake  ratio  in  tumor  and  inflamed  tissue. 
Considering  the  above  properties  and  accumulating  tendency  in  tumor  tissue,  it  is  a  very 
effective  polymer  for  the  development  of  targeted  delivery  systems  (Rosenoer  et  al.,  2014; 
Tekade  et  al.,  2015).  The  utility  of  the  albumin  is  outlined  in  Fig.  4.12. 

Liver  targeting  is  another  paradigm  that  can  easily  be  achieved  by  albumin.  Adenine 
arabinoside  monophosphate  (Ara-AMP)  conjugated  with  lactosaminated  albumin  is  one  of 
the  better  examples,  which  shows  a  better  antiviral  effect  in  the  liver  and  avoids  the  neuro¬ 
toxic  effect  of  Ara-AMP.  Research  studies  show  that  there  are  a  number  of  diseases  like 
diabetes,  arthritis,  cancer,  and  AIDS  where  different  formulations  of  albumin  including 
nanoparticles,  microspheres,  conjugates,  complexes,  etc.  are  being  prepared  (Tekade  and 
Chougule,  2013). 

4.3. 1.1.3  GELATIN 

Gelatin  is  one  of  the  most  versatile  water-soluble  polypeptides  obtained  from  acid,  alka¬ 
line,  and  enzymatic  hydrolysis  followed  by  purification  of  collagen,  which  has  cationic, 

FIGURE  4.12  Utility  of  albumin  as  a  drug 
carrier. 
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anionic,  along  with  hydrophobic  groups.  Being  biocompatible,  biodegradable,  and  multi¬ 
functional  in  nature  it  could  be  widely  used  in  the  food,  cosmetic,  pharmaceutical,  and 
medical  tool  industries.  Gelatin  is  an  integral  part  of  the  pharmaceutical  sector  showing  its 
presence  in  the  form  of  hard  gelatin  and  soft  gelatin  capsules.  Research  studies  show 
that  it  is  being  used  as  a  matrix  system  for  inserts  and  in  the  formation  of  microspheres, 
nanoparticles,  etc.  (Youngren  et  al.,  2013).  Being  thermoresponsive  in  nature  makes  it  a 
very  good  candidate  for  the  development  of  targeted  drug  delivery  systems.  Thermal 
denaturation  of  the  gelatin  extensively  affects  its  cross-linking  ability,  swelling  behavior, 
and  physiochemical  property.  Before  use  in  formulation  development,  gelatin  should  be 
cross-linked  so  that  the  solubility  and  mechanical  strength  of  the  polymer  can  be  modified 
in  such  a  way  that  produces  better  results. 

Gelatin  may  also  be  used  in  a  more  effective  way  by  incorporating  some  modifications 
or  by  using  some  strategies  such  as: 

•  Stealthing  of  gelatin  carriers  for  increasing  the  bioavailability 

•  Increasing  entrapment  efficiency 

•  Conjugation  of  biomolecules  for  targeted  drug  delivery 

During  the  preparation  of  gelatin-based  formulation,  various  environmental  triggers 
such  as  pH,  temperature,  or  ionic  strength  may  be  used  for  physical  cross-linking.  Some 
other  physicochemical  interactions  like  hydrophobic  interactions,  charge  condensation, 
hydrogen  bonding,  stereocomplexation,  or  supramolecular  chemistry  are  also  responsible 
for  the  cross-linking  of  gelatin.  Chemical  cross-linking  is  mainly  controlled  by  nonzero 
length  (biomaterial  by  bridging  free  amine  groups  of  lysine  and  hydroxylysine)  and  zero- 
length  cross-linkers  (Elzoghby,  2013). 

However,  physical  cross-linking  is  always  superior  to  chemical  cross-linking  due  to  its 
nontoxicity.  Gelatin  has  several  applications  in  the  pharmaceutical  industry.  Some  of  the 
major  important  applications  of  gelatin  are  mentioned  in  Fig.  4.13. 

4.3. 1.2  Carbohydrate-Based  Polymers 

Carbohydrate  is  also  referred  to  as  saccharide  having  carbon,  hydrogen,  and  oxygen  as 
its  main  components.  In  general,  a  sugar  molecule  has  several  hydroxyl  groups  leading  to 
the  hydrophilic  nature  of  the  molecule.  Carbohydrate  plays  various  roles  in  a  biological 
system  like  food  (simple  sugars),  structural  components  (cellulose),  etc.  Due  to  the  high 
hydrophilic  characteristics,  it  has  a  tendency  to  absorb  water  and  swell  or  dissolve.  This 
property  of  carbohydrate  makes  it  a  better  polymer  in  developing  controlled  and  sus¬ 
tained  release  systems  with  targeting  to  the  specific  organs.  There  are  several  polysacchar¬ 
ides  or  carbohydrates  that  can  be  used  successfully  in  the  development  of  drug  delivery 
systems  (Galbis  et  al.,  2015;  Chopdey  et  al.,  2015). 

4.3. 1.2.1  ALGINATES 

Alginates  are  one  of  the  most  adaptable,  multifaceted  polysaccharides  currently  used  in 
the  development  of  various  drug  carriers.  Alginates  are  sodium  salts  of  alginic  acid  (a  lin¬ 
ear  polymer  that  has  D-mannuronic  acid  and  L-guluronic  acid  residues  in  the  polymer 
chain),  which  is  obtained  from  brown  seaweed.  It  is  soluble  in  water  and  forms  a  thick 
gel-like  system  on  hydration  when  present  in  divalent  salt  form,  while  it  gets  solubilizes 
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in  monovalent  salt  form.  It  has  also  been  noted  that  the  alginates  with  high  guluronic  acid 
form  more  viscous  gel  as  compared  with  the  others  (Draget  et  al.,  2016). 

Reports  are  available  showing  that  alginic  acid  and  its  salt  with  sodium  and  calcium 
are  nontoxic  and  biocompatible  in  nature,  and  that  it  is  widely  being  used  in  the  food,  cos¬ 
metic,  and  pharmaceutical  industries.  Traditionally  this  material  is  used  as  a  binder  or  sus¬ 
pending  agent  but  in  recent  decades  these  polymers  have  emerged  as  a  potential  tool  for 
developing  a  different  type  of  controlled,  sustained,  and  targeted  drug  delivery  for  various 
therapeutics  and  biologies  (Cho  et  al.,  2014)  as  mentioned  in  Table  4.1. 

Sodium  alginate  is  also  used  for  the  taste  masking  by  undercoating  the  tablet  with 
sodium  alginate  and  then  further  by  overcoating  with  calcium  gluconate.  When  this  sys¬ 
tem  comes  into  contact  with  water,  it  forms  a  thick  gel  around  the  tablet  leading  to  the 
taste  masking.  Apart  from  the  above  applications,  alginate  is  also  used  in  the  formulation 
of  semisolid  formulation  and  on  wound  dressing  (Calafiore  et  al.,  2017). 

4.3. 1.2.2  CYCLODEXTRIN 

Cyclodextrin  is  a  cyclic  oligosaccharide  having  hydrophilic  moiety  at  the  surface  and 
hydrophobic  moiety  at  the  center.  Cyclodextrin  molecule  has  6—8  glucopyranoside  units. 
Presently,  the  formulation  industry  uses  three  major  types  of  cyclodextrins. 

•  Cyclodextrin  having  6-membered  sugar  ring  (a  (alpha)-cyclodextrin) 

•  Cyclodextrin  having  7-membered  sugar  ring  ((3  (beta)-cyclodextrin) 

•  Cyclodextrin  having  8-membered  sugar  ring  (gamma)-cyclodextrin)  (Harada  et  al.,  2014) 
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TABLE  4.1 

Use  of  Alginates  for 

a  Different  Type  of  Drug  Delivery  System 

Formulation 

Therapeutic 

Agent 

Action  Imposed  by  Alginate 

References 

Matrix  tablet 

Diltiazem 

hydrochloride 

Acetazolamide 

Matrixing  agent,  the  release  of  drug  through  diffusion 
and  erosion 

Mandal  et  al.  (2010), 
Barzegar-Jalali  et  al. 
(2013) 

Floating  tablet 

Pentoxifylline 

Matrixing  agent,  delay  the  gastric  emptying  of  drug 

Rahim  et  al.  (2015) 

Raft 

Gaviscon 

Avoid  impact  of  acid  reflux,  repeated  action  of 
gaviscon  with  slower  release 

Sweis  et  al.  (2013) 

Microspheres 

Resveratrol 

Ionic  gelation  of  alginate  with  calcium  chloride,  the 
release  of  drug  through  diffusion  with  initial  slow 
burst  release 

Cho  et  al.  (2014) 

Beads 

Acetazolamide 

Calcium 

Barzegar-Jalali  et  al. 
(2013) 

Calcium 

alginate 

nanoparticle 

Bovine  serum 
albumin 

Sustained  release  with  initial  burst  release 

Nesamony  et  al. 
(2012) 

Ocular  gel 

Gatifloxacin 

Sustained  release  by  forming  in  situ  gel  in 
combination  with  HPMC 

Liu  et  al.  (2006) 

Generally,  in  the  pharmaceutical  industry,  (3  cyclodextrin  is  used  for  increasing  the  bio¬ 
availability  of  poorly  water-soluble  drugs.  The  literature  also  reveals  the  fact  that  cyclodex- 
trins  have  the  ability  to  change  the  physicochemical  and  biological  properties  of  therapeutics 
by  forming  inclusion  complex  structures.  Apart  from  this  widely  accepted  use  of  cyclodex¬ 
trin,  there  have  been  numerous  other  utilities  reported,  which  are  mentioned  in  Table  4.2. 

Apart  from  the  above  applications,  cyclodextrin  may  also  be  used  for  brain  targeting  and 
gene  delivery.  In  nearly  every  formulation  intended  for  any  route,  the  basic  purpose  of  cyclo¬ 
dextrin  is  to  manage  the  solubility,  increase  bioavailability,  and  increase  the  solubility. 
Literature  reveals  that  cyclodextrin  is  also  being  used  in  the  development  of  novel  carriers 
like  liposomes,  microspheres,  nanoparticles,  etc.  (Tekade  et  al.,  2017a).  In  spite  of  these  above 
advantages,  cyclodextrin  also  has  some  limitations.  For  example,  when  (3-cyclodextrin  inter¬ 
acts  with  cholesterol  it  forms  a  low  soluble  complex  that  may  have  a  nephrotoxic  impact. 

4.3. 1.2.3  CHITOSAN 

Chitosan  is  a  semisynthesized  molecule  obtained  by  the  deacetylation  of  the  natural  poly¬ 
mer  chitin  (obtained  from  the  exoskeleton  of  crustacean,  insects,  and  some  fungi)  (Maheshwari 
et  al.,  2015b).  It  is  a  linear  polymer  having  the  chain  of  -1,4-linked  2-amino-2-deoxy-D-glucose 
(N-acetyl  glucosamine).  The  basic  advantages  of  chitosan  are  that  it  is  biocompatible,  biode¬ 
gradable,  less  immunogenic,  much  less  toxic,  and  insoluble  in  water  with  high  swelling  capac¬ 
ity.  But,  its  solubility  can  be  increased  by  derivatization  of  chitosan  or  by  changing  the  pH. 
The  presence  of  an  active  amino  group  on  the  molecule  makes  it  a  better  candidate  for  the  fab¬ 
rication  of  biocompatible  material  by  derivatization.  Chitosan  is  water  insoluble  at  higher 
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TABLE  4.2  Different  Formulations  of  Cyclodextrin  Based  on  Routes  of  Administration 


Formulation 

Drug 

Impact  of  Cyclodextrin 

Oral  delivery 

Nicardipine 

Increased  solubility 

Sparfloxacin 

Increases  bioavailability 

Rectal  delivery 

Insulin 

Enhanced  drug  release 

Morphine 

Enhanced  rectal  absorption 

Nasal  delivery 

Insulin 

Increased  absorption 

Midazolam 

Increased  bioavailability 

Transdermal  delivery 

Miconazole 

Increased  solubility  and  stability 

Levosimendan 

Increased  absorption  through  stratum  corneum 

Ocular  delivery 

Hydrocortisone 

Increased  solubility 

Acyclovir 

Increased  bioavailability 

Controlled  and  targeted  drug  delivery  Verapamil 

Increased  release 

Testosterone 

Controlled  release 

Protein  and  peptide  delivery 

Peptide 

Increased  permeation  through  BBB 

pH  but  can  be  made  soluble  by  sulfating  the  amine  group.  This  reaction  also  incorporates  the 
anticoagulant  effect  in  the  chitosan  molecule.  Chitosan  is  very  safe  and  can  be  used  as  a 
mucoadhesive  material  after  swelling  (Bhattarai  et  al.,  2010;  Dua  et  al.,  2017a,b). 

In  the  present  condition,  chitosan  has  fascinated  researchers  due  to  its  above-mentioned 
properties.  The  various  formulations  that  can  be  prepared  by  using  chitosan  or  its  deriva¬ 
tives  are  listed  in  Table  4.3. 


4.3. 1.2.4  DEXTRAN 

Dextran  is  synthesized  by  Leuconostoc  mesenteroides ,  Leuconostoc  dextranicum,  or 
Streptobacterium  dextranicum  after  fermentation  of  the  sugar  or  other  carbohydrates.  It  has 
a-D-l,6-glucan  linked  backbone  with  side  chains  having  an  oxygen  atom  bonded  to  the 
third  carbon. 

Dextran  polymers  exist  with  a  wide  range  of  molecular  weight  (1000—200,000  Da). 
Dextrans  are  readily  soluble  and  naturally  charged  with  significant  biocompatibility  and 
higher  stability,  which  makes  them  a  valuable  candidate  for  drug  delivery.  They  are  easily 
degraded  in  a  biological  system,  are  readily  absorbed,  and  do  not  show  any  toxic  effect. 
Apart  from  this,  the  physical  property  of  dextran  can  be  changed  by  modification  in  sur¬ 
face  groups  as  per  the  need  of  the  formulation  (Kim  et  al.,  2014). 

Several  delivery  systems  using  dextran  have  been  developed  but  among  them,  macro¬ 
molecule  conjugate  has  been  explored  most  fully.  Many  practical  difficulties  during  the 
delivery  of  chemotherapeutic  agents,  genes,  and  other  drugs  may  be  overcome  by  using 
such  conjugate  due  to  the  versatile  nature  of  dextran  including  biocompatibility. 
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TABLE  4.3  Formulation  Having  Chitosan  as  a  Polymeric  System 


Formulation  With  Chitosan 
Derivative 

Drug 

Purpose 

References 

Chitosan  succinate  and  Chitosan 
phthalate  microspheres 

Insulin 

Oral  delivery 

Ubaidulla  et  al.  (2007a), 
Ubaidulla  et  al.  (2007b) 

Low  molecular  weight  alkylated 
chitosan 

Gene 

Nonviral  vector  for  gene 

Liu  et  al.  (2003) 

Carboxymethyl  chitosans 
(CMCh) 

Protein 

Oral  delivery 

Lin  et  al.  (2005) 

5-Methyl  pyrroli-dinonechitosan 
(MPCS) 

Metronidazole 

Mucoadhesive  vaginal  gels 

Perioli  et  al.  (2008) 

TPP— chitosan  complex 

BSA  as  model 
drug 

Controlled  release 

Xu  and  Du  (2003) 

Matrix  tablet 

Indomethacin 

Chitosan— chondroitin 
sulfate— based  matrix  system 

Amrutkar  and  Gattani 
(2009) 

Hydrogels 

Tenofovir 

Thermosensitive  gel 

Yang  et  al.  (2017) 

Nanoparticles(chitosan/Na 

alginate) 

Gatifloxacin 

Mucoadhesive  nanocarrier  for 
ocular  delivery 

Motwani  et  al.  (2008) 

Ocular  delivery 

Indomethacin 

Nanoparticle/  nanoemulsion 
for  postoperative  pain 

Badawi  et  al.  (2008) 

degradability,  and  size /dimension  are  all  adjustable  (Liu  et  al.,  2015).  There  are  several 

such  conjugates  and  formulations  that  have  been  developed: 

•  Dextran  magnetite  having  iron-oxide  particles  of  the  core  covered  with  carboxy-dextran 
covering  is  used  extensively  as  a  liver-specific  contrast  medium.  The  conjugated 
product  of  dextran  magnetite  with  the  carboxyl  group  of  gelatin  and  cisplatin  may  also 
be  used  to  release  the  drug  as  per  predetermined  condition  by  thermal  ablation  leading 
to  potentially  effective  antitumor  effects. 

•  Literature  reveals  that  dextran— spermine-based  polycations  were  found  to  be  highly 
effective  in  transfecting  cells  in  vitro  and  can  be  used  as  a  polymeric  vector  for  gene 
delivery. 

•  Lower  tissue  toxicity  and  high  enzymatic  degradation  of  dextran  at  the  specific  site 
make  it  a  very  good  candidate  for  the  development  of  prodrugs.  Administration  of 
budesonide  in  such  manner  for  the  treatment  of  inflammatory  bowel  syndrome  is  a 
good  example.  At  the  same  time,  the  ketoprofen— dextran  prodrug  shows  better 
absorption  as  compared  with  standards. 

•  Studies  also  show  that  the  ulcerogenic  property  of  NSAIDs  like  ketoprofen  and 
flurbiprofen  may  be  minimized  when  given  with  dextran  in  condensed  form. 

•  Easy  solubility,  ease  of  derivatization,  the  presence  of  stable  glucoside  bonds,  low 
toxicity,  etc.,  are  a  few  of  the  major  characteristics  of  dextran  that  allow  the  researcher 
to  use  it  as  a  carrier  system  for  the  targeting  of  the  anticancer  drug  to  the  cancerous 
tissues. 
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Apart  from  the  above  uses,  dextran  may  also  be  used  to  target  the  drug  to  the  liver, 
and  targeting  of  human  interferon  b  (IFNb)  to  choroidal  neovascularization  (CNV)  can 
also  be  done  (Lin  et  al.,  2015). 

4.3. 1.2.5  AGAROSE 

Agarose  is  a  linear  polysaccharide  with  repeating  units  of  agarobiose  that  is  extracted 
from  red  seaweed.  Commonly  it  is  used  in  agarose  gel  electrophoresis  but  in  recent  dec¬ 
ades,  it  has  drawn  the  attention  of  formulation  scientists  due  to  its  solubility,  as  well  as  its 
biocompatible  and  biodegradable  nature  with  almost  no  toxic  behavior.  Its  gelling  capacity 
at  different  temperatures  makes  it  more  valuable  for  formulation  scientists.  In  the  late 
1990s,  agarose  nanoparticles  were  prepared  for  the  delivery  of  proteins  and  peptides. 
Further,  Satar  et  al.  have  prepared  and  evaluated  the  agarose  nanoparticles  for  their  anti¬ 
microbial  effects.  Agarose,  when  compressed  with  a  drug,  forms  a  combination  of  diffus¬ 
ible  and  erodible  matrix  leading  to  the  sustained  release  of  the  drug  (Satar  et  al.,  2016).  An 
attempt  was  made  to  control  the  release  of  salbutamol  by  agarose  in  combination  with 
gelatin  by  Saxena  et  al.  But  at  the  same  time,  agarose  has  limitations  when  a  poorly  water- 
soluble  drug  is  entangled  into  its  matrix.  The  poor  water-soluble  drug  does  not  have  the 
uniformity  due  to  the  high  hydrophilic  nature  of  agarose  (Saxena  et  al.,  2011). 

4.3. 1.2.6  HYALURONIC  ACID  (HA) 

Hyaluronic  acid,  also  known  as  hyaluronan,  is  a  naturally  occurring  nonsulfated  glycos- 
aminoglycan  polysaccharide  consisting  of  repeating  disaccharide  units  of  D-glucuronic 
acid  and  (l-b-3)  N-acetyl-D-glucosamine.  In  vertebrates,  it  is  found  in  the  connective  tis¬ 
sues,  epithelial  system,  and  nerve  tissues.  It  is  considered  to  be  very  effective  and  useful 
in  the  pharmaceutical  industry  due  to  its  biocompatible,  biodegradable,  nonimmunogenic, 
and  nontoxic  nature.  In  recent  years,  the  use  of  hyaluronic  acid  (HA)  polymer  in  the  phar¬ 
maceutical  sector  has  increased  amazingly,  especially  in  the  subcutaneous  delivery  of  pro¬ 
tein  and  peptide.  Due  to  cross-linking  behavior,  it  is  also  being  used  in  the  formulation  of 
gel  for  the  ocular  and  nasal  system  (Lalu  et  al.,  2017). 

As  the  reports  on  HA  say  that  its  uptake  is  governed  through  the  receptor-mediated 
endocytosis  on  specific  receptors  such  as  cluster  determinant  44  (CD44)  and  receptor  for 
hyaluronate-mediated  motility  (RHAMM),  it  is  usually  combined  or  coated  with  a  chemi¬ 
cal  drug  or  polymer  to  increase  therapeutic  efficiency  as  well  as  to  facilitate  to  the  sus¬ 
tained  release  (SR)  properties.  In  conjunction  with  other  polymers  or  polycations  it  leads 
to  the  formation  of  a  complex  structure,  enabling  the  inclusion  of  therapeutic  nucleic  acids. 
HA  is  now  being  used  in  the  formulation  industry  for  the  generation  of  various  formula¬ 
tions  as  an  ocular  and  nasal  gel,  nanoparticles,  intraarticular  injectables,  etc.  (Alemdar, 
2016).  Here  we  summarize  the  different  uses  of  HA  in  the  pharmaceutical  industry,  as 
mentioned  in  Table  4.4. 

4.3. 1.2.7  CELLULOSE 

Cellulose  and  its  derivates  have  been  used  in  the  pharmaceutical  industry  for  a  long 
time.  It  is  a  polysaccharide  consisting  of  several  of  simple  sugars  as  a  monomer.  These 
molecules  are  hydrophilic  in  nature  but  insoluble  in  water  and  the  majority  of  organic 
solvents.  Similar  to  the  majority  of  natural  polymers,  cellulose  is  also  biocompatible. 
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Route  of  Administration/Formulation 

Therapeutics 

Purpose 

References 

Ocular  delivery 

Pilocarpine 

Increases 
bioavailability, 
extended  duration  of 

action 

Luo  et  al.  (2000) 

Films  and  microspheres 

Methylprednisolone 

improved  corneal 
bioavailability 

Lapcik  et  al.  (1998) 

Ocular  formulation  of  poly-e-caprolactone 
(PCL)  nanosphere  coated  with  HA 

Prednisolone 

Increased 

bioavailability 

Hume  et  al.  (1994),  Le 
Bourlais  et  al.  (1998) 

HA-coated  PCL/benzalkonium  chloride 
nanospheres 

cyclosporine 

Increased  level  in  the 

cornea 

Yenice  et  al.  (2008) 

Nasal  delivery  of  HA  ester  microspheres 

Insulin 

Increased  absorption 

Ilium  et  al.  (1994) 

HA-based  microspheres  containing  PEG 
6000  and/or  sodium  taurocholate  for  the 
nasal  delivery 

Fexofenadine 

hydrochloride 

Enhanced  AUC  and 
Cmax  value 

Huh  et  al.  (2010) 

Parenteral  solution 

Insulin-like  growth 
hormone-I  (hIGF-I) 

Sustained  release  of 
protein 

Kim  et  al.  (2005) 

HA  hydrogels 

Protein 

Denaturation 

Lee  et  al.  (2009) 

Nanocarriers 

Gene 

Increased  stability 

de  la  Fuente  et  al. 
(2008) 

DNA-HA  matrix  cross-linking  with  adipic 
dihydrazide  (ADH) 

Gene/DNA 

Sustained  gene  release 
and  protection  of  DNA 

Omer  et  al.  (2014) 

DNA/PEI/HA  ternary  complex 

DNA 

Target  specific  delivery 
with  higher 
transfection 

Ito  et  al.  (2008) 

biodegradable,  nonirritant,  nontoxic,  and  nonimmunogenic  in  nature.  On  the  basis  of  size, 
shape,  and  crystal  behavior,  cellulose  has  different  characteristics  and  different  pharma¬ 
ceutical  uses.  Microcrystalline  cellulose  (MCC),  for  example,  is  used  as  a  directly  com¬ 
pressible  diluent  and  possesses  high  water  affinity  in  comparison  to  normal  cellulose. 
There  are  also  different  grades  of  MCC  available  that  can  be  used  as  binders,  thickening 
agents,  viscosity  enhancing  agents,  etc.  Apart  from  these,  two  other  types  of  cellulose  are 
available,  that  is,  powdered  cellulose  (PC)  and  low  crystalline  powdered  cellulose  (LCPC). 
Cellophane  is  also  a  different  form  of  processed  cellulose  (French,  2014). 

To  date,  there  are  several  derivatives  of  cellulose  present  in  the  market  that  are  used  for 
different  purposes  in  the  pharmaceutical  industry  such  as  film-forming  agents,  enteric 
film-coated  material,  matrix-forming  agents,  etc. 

4.3.1.2.7.1  CELLULOSE  ETHER  DERIVATIVES  These  are  high  molecular  weight  cellulose 
derivatives  prepared  by  the  alkylation  of  the  hydroxyl  group  of  sugar  moiety  present  in 
natural  cellulose.  The  properties  of  the  derivative  cellulose  molecules  like  solubility. 
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viscosity  of  the  solution,  stability,  film-forming  behavior,  thermal  characteristics,  etc.,  are 
changed  with  the  degree  of  alkyl  group  substitution  and  change  in  molecular  weight. 
Methylcellulose,  ethylcellulose,  carboxymethyl  cellulose,  sodium  carboxymethyl  cellulose, 
hydroxypropyl  methylcellulose,  etc.  are  some  very  important  examples  of  this  category.  As 
mentioned  above  the  alkyl  group  at  the  hydroxyl  group  of  sugar  moiety  is  instrumental  in 
deciding  the  character  of  the  molecule.  The  presence  of  the  ethyl  group  leads  to  the  hydro- 
phobic  molecule  while  the  presence  of  another  hydroxyl  group  in  the  alkyl  chain  leads  to 
the  hydrophilic  characteristic  in  other  molecules  mentioned  here  (Rohowsky  et  al.,  2016). 

Almost  every  member  of  this  category  may  have  a  versatile  use  such  as  in  binders, 
thickening  agents,  lubricants,  film-forming  agents,  etc.  But  hydroxylpropyl  methylcellulose 
is  known  for  its  exceptional  properties  of  matrix-forming  depending  upon  its  grade,  and  is 
used  for  preparing  controlled  and  sustained  release  formulation  of  different  therapeutics 
(Shokri  and  Adibki,  2013). 

43.1.2.7.2  CELLULOSE  ESTER  DERIVATIVES  This  category  of  cellulose  derivative  is  pre¬ 
pared  by  esterification  of  the  natural  cellulose.  As  it  is  a  well-known  fact  that  the  ester 
bond  gets  broken  only  in  basic  pH  conditions,  it  could  easily  be  understood  that  these 
polymers  will  not  be  soluble  in  water  and  the  majority  of  them  may  be  used  for  enteric 
coating.  Some  common  examples  of  this  category  are  cellulose  acetate  phthalate  (CAP), 
cellulose  acetate  butyrate  (CAB),  hydroxypropyl  methylcellulose  phthalate  (HPMCP),  etc. 
Another  inorganic  cellulose  ester  like  cellulose  nitrate,  which  is  a  very  good  film-forming 
material,  is  also  available  but  rarely  used  in  the  pharmaceutical  industry  due  to  its  highly 
flammable  nature  (Zhou  et  al.,  2014).  Apart  from  the  above  a  combination  of  cellulose 
nitrate  and  cellulose  acetate  is  used  to  prepare  microporous  membrane  filters,  which  gives 
it  great  utility  in  the  pharmaceutical  industry.  Various  ester  derivative  of  natural  cellulose 
like  cellulose  acetate  pthalate  is  also  being  used  to  control  the  release  of  medicament  tar¬ 
geting  the  colon  (Schenzel  et  al.,  2014).  On  the  basis  of  their  application,  various  cellulose 
derivatives  are  listed  in  Table  4.5. 


TABLE  4.5  Various  Applications  of  Cellulose  Derivatives 


Application 

Cellulose  Derivative 

Bioadhesive  and  mucoadhesive 

Various  ether  derivative  including  various  grades  of  HPMC 

Film  coating 

Various  ether  derivatives 

Enteric  coating 

Various  ester  derivatives 

In  designing  extended  release 
formulation 

Polymers  in  both  categories  can  be  used 

Diffusible  matrix 

Different  types  of  high  viscosity  grades  of  ether  derivatives  especially 
HPMC 

Semipermeable  membrane  for 
osmotic  delivery 

Cellulose  acetate  is  preferred  due  to  its  insolubility  at  both  acidic  and 
basic  pH 

Sometimes  the  permeability  of  the  membrane  is  increased  by  using 

HPMC  or  methylcellulose 
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4*3*2  Synthetic  Polymers 

High  degree  of  variability  in  natural  sources,  structurally  more  complex  with  compli¬ 
cated  and  costlier  extraction  process  are  some  major  disadvantages  of  the  naturally 
derived  polymers,  which  has  led  to  the  advent  of  synthetic  polymers.  It  has  also  been 
reported  that  these  polymers  may  increase  the  circulation  time  and  basic  pharmacokinet¬ 
ics,  which  is  very  important  in  the  case  of  biomaterials.  Targeting  of  the  various  organs  is 
comparatively  easier  in  the  case  of  some  specific  synthetic  polymers  (Maitz,  2015). 

4.3.2.1  Polylactic  Acid 

Poly(lactic  acid)  belongs  to  the  biodegradable  polymer  family  and  is  widely  used  in  the 
food  industry  for  packaging,  including  medicinal  packaging.  Owing  to  its  tough  mechani¬ 
cal  strength,  transparency,  and  economical  nature  it  is  widely  used  for  the  replacement  of 
nondegradable  polymeric  systems  (Gavasane,  2014).  Lactic  acid  exists  in  two  stereoiso- 
meric  forms  namely  L-lactic  acid  and  D-lactic  acid,  therefore,  its  polymeric  form  can  be 
manufactured  in  several  forms,  for  example,  poly(D-lactic  acid)  (PDLA),  poly(L-lactic  acid) 
(PLLA),  or  their  racemic  forms.  PL  A  can  be  synthesized  via  polymerization  technique 
using  lactic  acid  by  polycondensation  (also  known  as  ring-opening  polymerization)  or  can 
also  be  synthesized  by  azeotropic  dehydration  (also  known  as  enzymatic  polymerization) 
(Balaji  et  al.,  2018). 

4.3.2.1.1  ADVANTAGES  AND  DISADVANTAGES  OF  PLA 

PLA  is  a  biodegradable  polymer  having  distinct  character  due  to  its  chiral  nature.  It  can 
be  processed  similarly  to  thermoplastics  and  can  be  molded  into  fiber/film.  It  is  most 
suitable  for  water  bottles  and  food  containers  due  to  its  short  lifespan.  In  comparison  to 
other  polymers /traditional  plastics,  it  degrades  into  its  natural  elements  in  less  than  a 
month.  Manufacturing  of  this  polymer  involves  an  environment-friendly  technique  with 
the  emission  of  gases  in  significantly  lower  amount,  and  it  can  be  recycled  easily  in  com¬ 
parison  to  the  other  polymers.  But  at  the  same  time  it  also  suffers  from  certain  limitations 
as  it  gets  soft  or  melts  at  a  higher  temperature,  so  it  cannot  be  used  for  hot  liquors.  For 
longer-term  storage  of  food  as  well  as  medicinal  substances,  it  is  again  considered 
unsuitable  due  to  its  inability  to  control  moisture  and  oxygen  movement  as  compared 
with  other  plastics.  It  is  usually  accessible  as  thin  films  for  thermoforming,  or  plastic  pel¬ 
lets  for  injection  molding  (Alsaheb  et  al.,  2015). 

4.3.2.1.2  APPLICATIONS  OF  PLA 

PLA  is  considered  to  be  one  of  the  most  versatile  polymers,  and  can  be  used  in  different 
types  of  industries.  In  recent  decades,  this  polymer  has  shown  its  presence  to  a  greater 
extent  in  the  pharmaceutical  formulation  industry  (Tyler  et  al.,  2016).  Here,  various  appli¬ 
cations  of  PLA  in  different  segments  of  the  industry  are  summarized  in  Fig.  4.14. 

4. 3. 2. 2  Polyhydroxybutyrate 

The  polyhydroxybutyrate  polymer  is  a  member  of  the  polyester  category,  which  is 
derived  from  the  activity  of  Lactobacillus  acidophilus  or  by  using  another  biotechnological 
process  at  industrial  scale.  It  can  also  be  derived  from  the  activity  of  other  microbes  in 
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Food  industries 

*  Material  for  shrink  wrap 

*  Food  storage  containers 

*  Microwave  containers 

*  Suitable  for  water  bottles, 
and  disposable  cutlery 

4  Suitable  for  fused  filament 
fabrication  3D  printing 


Miscellaneous 


It  can  also  be  used  for 

*  Protective  coverings 
composites 


Medical  industries 

*  For  manufacturing 

of  medical 
implants  such  as 
screws,  rods,  pins  and 

and 

mesh 


*  Automotive,  truck,  and  recreational 
vehicle  components,  reusable 
mate  ri  a  I  -ha  ndl  i  ng  cont  a  i  ne  rs. 


•  Biodegradable 
containers  and  storage 
tanks 


*  Wall  coverings,  shelving, 
agricultural  and  industrial  bins  and 
conveyors 


•  Asa  decomposable 
packaging  material 


*  Trash  and  recycling  receptacles,  and 
home,  office  and  industrial 
furniture  and  fixtures 


FIGURE  4.14  Various  applications  of  poly  lactic  acid  (PL  A). 


glucose  controlled  media.  As  it  is  biodegradable  in  nature,  it  is  preferred  for  the  devel¬ 
opment  of  formulations  in  the  pharmaceutical  industry.  Studies  show  that  the  lower 
chain  PHBs  have  better  internalization  and  are  easily  uptaken  by  the  cell,  so  they  could 
be  better  used  in  the  transportation  of  drugs  and  target  the  specific  cell  or  organelle 

(Barouti  et  al.,  2017). 

A  number  of  scientists  have  reported  on  the  controlled  and  sustained  release  behavior 
of  PHB.  In  one  work,  it  was  mentioned  that  when  PHB  is  compressed  with  7-hydroxytheo- 
phyline,  the  release  of  the  drug  lasts  up  to  24  h  and  it  is  dependent  on  the  amount  of  drug 
loading.  Another  researcher  has  reported  the  sustained  release  of  metoclopramide  in  pres¬ 
ence  of  PHB  when  implanted  subdermally.  Bissery  et  al.  have  prepared  microspheres  of 
the  anticancer  drug  lomustine  using  PHB  and  polylactic  acid  (PLA)  and  reported  that 
PHB  microspheres  show  the  rapid  release  of  the  drug  in  comparison  to  PLA  (Bissery 
et  al.,  1985).  Barouti  et  al.  have  mentioned  in  their  review  that  PHB-based  nanoparticles 
are  promising  drug  delivery  systems  (DDSs)  as  compared  with  other  available  nanomater¬ 
ials.  At  the  same  time,  the  high  hydrophobic  behavior  of  this  polyester  leads  to  the  forma¬ 
tion  of  comparatively  more  stable  nanoparticles  with  longer  biodegradation  times  as 
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compared  with  the  other  nanoparticles  prepared  by  PLA-,  PLGA-,  or  PCL.  It  is  also 
reported  that  PHB  homopolymer  and  copolymer  with  other  molecules  may  be  used  for 
preparing  various  drug  delivery  systems  including  polymer  complexes  and  conjugates. 
These  complexes  may  also  be  used  for  the  delivery  of  protein  and  peptides  (Barouti  et  al., 

2017). 

4.3.2. 3  Poly(e-Caprolactone) 

Poly(e-caprolactone)  is  a  biodegradable  polymer  of  the  polyester  category  derived  from 
the  ring-opening  polymerization  of  e-caprolactone.  PCL  has  a  tendency  and  capability  that 
allows  the  copolymerization  or  blending  process  with  other  polymers  to  modify  its  physi¬ 
cal,  chemical,  and  mechanical  properties  by  copolymerization  or  blending  with  many 
other  polymers  and  this  capability  makes  it  very  versatile  in  nature.  It  has  been  observed 
that  copolymerization  of  PCL  with  another  polymer  may  alter  the  chemistry  of  the  system, 
leading  to  change  in  the  important  characteristics  of  the  system  like  solubility,  ionic  behav¬ 
ior,  crystal  behavior,  etc.  Wheareas  the  blending  of  PCL  with  another  polymer  mainly 
affects  the  physical  behavior  of  the  system  like  mechanical  strength  and  that  is  the  reason 
behind  the  formation  of  micelle  or  hydrogel  after  copolymerization.  The  blending  leads  to 
the  formation  of  fiber,  films,  or  scaffolds,  which  are  preferable  in  tissue  engineering  (Dash 
and  Konkimalla,  2012). 

Initially,  the  use  of  PCL  was  intended  for  formulation  development  but  with  the  pro¬ 
gression  of  time  use  of  PCL  as  a  scaffold  in  tissue  engineering  has  acquired  more  familiar¬ 
ity.  But  later  on,  with  the  development  of  new  copolymers  and  after  developing  a  better 
understanding  regarding  the  degradation  pattern  of  PCL,  it  again  instigated  the  formula¬ 
tion  research  community  to  develop  new  formulations  like  microspheres,  nanoparticles, 
hydrogels,  nanofibers,  etc.  (Nikouei  et  al.,  2016).  Several  applications  of  PCL  have  been 
reported  by  several  workers.  Some  of  the  applications  of  PCL  are  mentioned  in  Fig.  4.15. 

4.3.2A  Polyamide 

Polyamides  are  the  polycondensation  product  of  a  diacid  chloride  (succinyl  chloride), 
and  a  diamine  like  l,2-bis(3-aminopropyl  amine)  ethane.  These  are  a  semicrystalline,  ther¬ 
moplastic  polymer  having  amide  groups  separated  by  alkane  in  their  typical  chain.  Type 
of  polyamide  is  denoted  by  the  alkane  segments  and  the  number  of  carbon  atoms  separat¬ 
ing  the  nitrogen  atoms.  Naturally  occurring  proteins  like  collagen  or  silk  may  also  be  cate¬ 
gorized  in  the  polyamide  category.  The  most  common,  synthetic  polyamide  is  nylon, 
which  is  well  known  for  its  tensile  strength  and  is  used  for  preparing  sutures,  balloons 
(angiography),  and  catheters  (Maitz,  2015).  Kolawole  has  reported  a  biodegradable  and 
biocompatible,  polyamide  rate-modulated  monolithic  drug  delivery  system  for  controlling 
the  release  of  bioactives.  A  biodegradable  PEGylated  dendrimer  based  on  polyester  and 
polyamide  hybrid  core  was  reported  (Kolawole  et  al.,  2012). 

4.3.2. 5  Polyglutamic  Acid 

In  recent  years,  polyglutamic  acid  has  gained  much  popularity  as  a  biodegradable, 
water-soluble  synthetic  polymer  for  the  development  of  drug  delivery  systems.  This  non¬ 
ionic  and  nontoxic  polymer  is  derived  by  the  microbial  fermentation  process  leading  to 
the  polycondensation  of  L-glutamic  acid  (Gavasane,  2014).  This  polymer  has  versatile  use 
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FIGURE  4.15  Applications  of  poly(e-caprolactone)  (PCL). 

in  the  pharmaceutical  and  biomedical  industry  ranging  from  drug  delivery  systems  to  tis¬ 
sue  engineering.  Conjugate  of  the  polyglutamine  acid  with  paclitaxel  is  one  of  the  impor¬ 
tant  examples  of  its  category,  which  has  shown  a  better  tumor  targeting  property  rather 
than  the  plain  paclitaxel  molecule.  Li  has  also  reported  several  conjugates  of  polyglutamic 
acid  with  different  anticancer  agents  showing  improved  results.  A  study  shows  that  this 
conjugate  formation  ability  of  the  polyglutamic  acid  may  be  attributed  to  the  presence  of 
carboxyl  groups  present  at  the  side  chains,  which  is  thought  to  be  detrimental  during  the 
coupling  with  anticancer  agents.  Vaccine  delivery,  protein  and  peptide  delivery,  immobili¬ 
zation,  modulation  of  EPR  effect,  targeting  of  the  cell  and  tissues  are  some  new  dimen¬ 
sions  that  are  being  explored  regularly  and  have  proven  to  be  very  promising  for  the  same 
(Li,  2002). 


4.3.2. 6  Poly  (2-Hydroxy  ethyl  Methacrylate) 

Poly(2-hydroxyethyl  methacrylate)  (PHEMA)  is  one  of  the  most  important  members  of 
the  methacrylic  acid  ester  polymers.  The  presence  of  a  hydroxyl  group  leads  to  the  high 
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hydrophilic  nature  of  the  polymer,  making  it  a  good  candidate  for  the  development  of 
hydrogel-like  systems.  Another  reason  for  developing  a  hydrogel  system  of  this  polymer 
is  that  it  contains  a  similar  amount  of  water  as  compared  with  living  tissue  (Passos  et  al., 
2016).  This  property  of  water  retention  may  be  attributed  to  the  presence  of  a  hydroxyl 
and  carboxyl  group  in  each  monomer  unit  while  at  the  same  time  methyl  groups  and  car¬ 
bon  chain  provides  resistance  against  hydrolytic  degradation  with  mechanical  strength  to 
the  polymeric  gel  system.  This  property  of  PHEMA  in  conjunction  with  some  other  prop¬ 
erties  like  biocompatibility,  nonirritant  nontoxic  behavior,  favorable  refractive  index,  and 
higher  oxygen  permeability  makes  it  more  valuable  for  the  development  of  contact  and 
intraocular  lenses.  Lee  et  al.  have  reported  the  use  of  PHEMA  contact  lenses  for  the  deliv¬ 
ery  of  hydrophilic  drugs  in  the  ocular  region  (Lee  et  al.,  2016).  There  are  several  methods 
like  microwave-assisted  production,  radical  polymerization,  etc.  Zhang  et  al.  have  pre¬ 
pared  PHEMA  by  microwave-assisted  polymerization  using  2-hydroxyethyl  methacrylate 
as  a  monomer  unit  (Zhang  et  al.,  2014).  While  another  method  of  preparing  PHEMA 
hydrogels  by  radical  polymerization  of  2-hydroxyethyl  methacrylate  monomers  using  DSC 
cells  was  reported  by  Passos  et  al.  (2016)  Rate  controlling  the  behavior  of  pHEMA  has  also 
been  explored  by  a  few  researchers.  Khan  et  al  and  Saini  et  al.  have  prepared  a  nanoparti¬ 
cle  of  pHEMA  for  the  controlled  drug  delivery  applications  (Khan  et  al.,  2013). 

4.3.2.7  Poly (N -Vinyl  Pyrrolidone) 

Poly(N-vinyl  pyrrolidone)  is  water  soluble,  showing  wide  acceptance  in  almost  all  areas 
related  to  the  pharmaceutical  sector.  It  is  derived  from  the  condensation  of  N-vinyl  pyrro¬ 
lidone  having  all  the  characteristics  of  an  ideal  polymer,  that  is,  biocompatibility,  nontoxi¬ 
city,  solubility  in  a  variety  of  solvents  including  water,  chemical  stability,  etc.  This 
polymer  also  shows  almost  equal  chance  of  complex  formation  with  hydrophilic  as  well  as 
hydrophobic  drug  molecules.  In  the  initial  phase  of  the  polymer,  it  was  mainly  intended 
to  be  used  as  plasma  volume  expander  but  with  the  change  and  advancement  in  the  phar¬ 
maceutical  industry  PVP  has  shown  its  importance  as  a  very  good  excipient  in  formulation 
development  (Vardharajula  et  al.,  2012). 

Currently,  this  polymer  has  proven  its  utility  in  the  development  of  nearly  all  formula¬ 
tions  such  as  tablets,  soft  gelatin  capsules,  a  different  type  of  gels,  coatings,  nanofibers, 
syrups,  all  the  solutions,  contact  lenses,  etc.  (Koczkur  et  al.,  2015).  This  polymer  is  also 
used  in  water  purification  and  waste  management. 

Kuskov  et  al.  have  utilized  the  amphiphilic  property  of  the  PVP  and  prepared  the  self- 
assembled  nanostructure  for  the  delivery  of  a  nonsteroidal  antiinflammatory  drug 
(Kuskov  et  al.,  2010).  Poly  (vinyl  alcohol)  (PVA)  has  shown  significance  in  the  pharmaceu¬ 
tical  industry  due  to  its  various  applications.  Some  of  the  important  applications  are 
mentioned  in  Fig.  4.16. 

Apart  from  the  above  versatile  uses,  PVP  is  also  used  in  the  formulation  of  cosmetics, 
toiletries,  industrial  and  household  materials,  etc. 

4.3.2. 8  Poly  (methylmethacrylate) 

Poly(methylmethacrylate)  (PMAA)  is  a  nonbiodegradable,  low-cost  thermopolymer 
usually  prepared  by  bulk  polymerization,  emulsion,  or  suspension  type  of  polymerization 
of  methacrylic  acid.  In  general,  it  is  regarded  as  the  alternate  of  polycarbonates  and  is 
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FIGURE  4.16  Various  uses  of  polyvinyl  pyrrolidone. 

used  to  prepare  household  devices.  Use  of  this  polymer  in  the  pharmaceutical  industry 
can  be  divided  into  two  categories.  The  first  category  includes  its  use  in  orthopedic,  den¬ 
tistry,  grafting,  ophthalmic  delivery,  etc.,  which  are  mainly  intended  to  be  used  in  a  partic¬ 
ular  local  area.  The  second  category  consists  of  nanoparticulate  or  microparticulate 
delivery  of  PMMA  (Bettencourt  and  Almeida,  2015). 

In  the  very  early  phase  of  development,  Buchholz  delivered  the  antibiotics  with  PMMA 
in  the  form  of  self-setting  bone  cement  to  avoid  any  infection  in  such  condition.  Some 
major  categories  of  medicament  that  have  been  used  to  prepare  orthopedic  preparation 
using  PMMA  are  antibiotics  (antimicrobial  peptides,  clindamycin,  daptomycin,  etc.),  anti- 
fungals  (amphotericin,  voriconazole),  antineoplastics  (cisplatin,  doxorubicin,  methotrexate, 
etc.),  antioxidants  (Vitamin  E),  local  anesthetic  agents  (bupivacaine,  lidocaine),  and  osteo¬ 
porotic  agents  (alendronate,  growth  factors,  etc.).  PMMA  is  also  used  as  a  prosthetic  mate¬ 
rial  in  dental  and  mandibular  corrections  and  as  a  permanent  implant  for  intraocular  lens 
after  cataract  surgery  (Ali  et  al.,  2015). 

In  the  middle  phase,  researchers  have  started  to  prepare  intraocular  lenses  and  den¬ 
tures.  Oxytetracycline,  5-fluorouracil,  celecoxib,  etc.,  are  a  few  of  the  therapeutic  agents 
which  have  been  successfully  administered  as  ocular  delivery  with  PMAA.  But  in  the  last 
few  decades,  the  use  of  PMMA  has  opened  a  new  door  in  the  form  of  nanoparticulate 
drug  delivery  but  definitely,  for  this  purpose,  it  has  a  certain  limitation  as  it  is  nonbiode- 
gradable  in  nature. 
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4.3. 2. 9  Poly  (Vinyl  Alcohol) 

Poly(vinyl  alcohol)  is  one  of  the  very  important  members  of  this  category,  having  very 
good  solubility  in  nature.  PVA  can  be  prepared  by  hydroxylation  of  polyvinyl  acetate  or 
by  saponification  of  poly  (vinyl  ester)  using  sodium  hydroxide  (NaOH).  Due  to  its  ability 
to  retain  water  almost  equal  to  the  natural  cells,  as  well  as  its  biocompatible,  biodegrad¬ 
able,  and  nontoxic  behavior,  PVA  is  regarded  as  one  of  the  important  choice  in  synthetic 
polymer  hydrogels  having  several  advanced  biomedical  applications  such  as  wound 
dressing,  wound  management,  drug  delivery  systems,  artificial  organs,  and  contact  lenses 
(Kamoun  et  al.,  2015b).  Immobilization  is  another  use  of  PVA  and  it  can  be  used  in  the 
design  of  biocatalysts.  Limited  hydrophilicity  of  the  polymer  limits  the  use  of  PVA  to 
PVA-alone  but  complexation  with  other  material  may  eliminate  such  problems  and  can  be 
used  for  the  preparation  of  PVA-nanogold  composite  showing  antimicrobial  activity 
(Balasubramanian,  2014). 

Hydrogels  of  PVA  may  include  cross-linking  of  PVA  solutions  with  different  types  of 
inorganic  and  organic  reagents  such  as  boric  acid,  sodium  nitrate,  glutaraldehyde,  etc.  It 
can  also  be  prepared  by  the  freeze— thaw  process.  Radiating  the  PVA  solution  with  UV 
light  or  gamma  radiation  may  also  lead  to  the  formation  of  hydrogels.  Formulation  of 
hollow  microparticles  with  or  without  gas,  encapsulation  of  the  cell,  wound  dressings, 
vascular  grafts,  formulation  of  disposable  contact  lenses  (due  to  sufficient  moisture 
retention,  higher  oxygen  permeability,  and  optical  clarity),  etc.  are  some  major  applica¬ 
tions  of  PVA  hydrogel.  PVA  alone  or  in  combination  with  other  polymers  have  very 
good  ability  to  form  hydrogel  showing  better  water  retention  and  swelling  property 
(Kamoun  et  al.,  2015a). 

Some  other  applications  of  PVA  include  formation  of  cryogels  of  PVA  containing  oxy- 
prenolol  and  theophylline,  preparation  of  hydrogels  containing  ketanserin  for  wound  heal¬ 
ing,  formulation  of  mucoadhesive  matrix  for  buccal  delivery,  formulation  of  multilaminate 
PVOH  cryogels  containing  bovine  serum  albumin  (BSA),  etc.  Some  common  products 
present  in  the  market  are  listed  in  Fig.  4.17  (Wan  et  al.,  2014). 


Ophthalmics 

Bleph  10,  Gcufen, 
Pred-G  etc 


Tablets 
Trokendi  XR 
Nucynta  ER 
Januvta 
etc. 


FIGURE  4.17  Application  and  marketed  products  of  PVA. 
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4.3.2.10  Poly  (Acrylic  Acid) 

Poly(acrylic  acid)  is  a  high  molecular  weight  water-soluble  compound  derived  from  the 
polymerization  of  monomer  acrylic  acid.  The  presence  of  carboxylic  acid  in  the  system 
makes  it  more  suitable  for  designing  a  pH-responsive  delivery  system.  It  almost  bears  all 
the  qualities  of  a  good  pharmaceutical  polymer  such  as  biodegradable  nature,  nontoxic 
behavior,  biocompatibility,  etc.  But  at  the  same  time,  it  is  also  associated  with  the  disad¬ 
vantage  of  lower  mechanical  strength.  While,  for  an  ideal  polymer,  optimum  mechanical 
strength  is  a  very  important  parameter  and  could  be  achieved  by  cross-linking  or  intermo- 
lecular  cyclization.  This  property  of  PAA  can  be  achieved  by  its  copolymerization  with 
other  polymers  like  polyethylene  di-acrylate  (Swift  et  al.,  2016). 

Cross-linking  of  PAA  may  also  be  achieved  by  chemical  and  irradiation  of  the  poly¬ 
meric  system  in  the  solution  form.  Elliot  et  al.  have  reported  that  concentration  of  mono¬ 
mer  solution,  ionic  strength,  and  pH  of  the  system  during  polymerization  are  crucial 
factors  in  controlling  the  cross-linking  of  the  polymer  (Elliott  et  al.,  2004).  There  are 
numerous  uses  of  the  PAA  reported  in  the  scientific  literature,  such  as  stabilizer  for  emul¬ 
sion  system,  for  development  of  nanoparticle  formulation,  for  developing  soft  contact 
lenses,  and  development  of  oral  and  transdermal  matrix  system.  Two  different  forms  of 
PAA,  that  is,  carbomer  and  different  grades  of  carbopol,  are  also  used  in  the  development 
of  various  gel-based  systems  for  drug  delivery  through  different  other  routes  such  as 
buccal,  vaginal,  rectal,  etc.  (Herth  et  al.,  2015). 

4.3.2.11  Poly  (Ethylene  Glycol) 

PEG  is  derived  by  the  polymerization  of  ethylene  glycol.  PEG  may  have  a  linear  or 
branched  structure  depending  on  the  molecular  mass  of  the  polymer.  It  is  soluble  in  the 
majority  of  organic  solvents  but  still  research  studies  show  that  every  unit  of  the  PEG  mol¬ 
ecule  is  tightly  associated  with  two  or  three  water  molecules,  imparting  a  hydrophilic 
character  to  the  PEG.  (D7  souza  and  Shegokar,  2016)  In  the  initial  phase  of  its  development, 
PEG  was  intended  for  separating  and  purifying  aids,  as  matrixing  system,  lubricating 
medical  devices  and  excipient  in  semisolids,  suppositories,  tablets,  etc.  (Cui  et  al.,  2015). 

The  hydrophilic  character  of  PEG  is  due  to  the  fact  that  the  associated  water  molecule  to 
each  monomer  makes  it  a  suitable  material  for  generating  a  shield,  like  an  impact  for  the 
attached  drug  against  enzymatic  degradation,  rapid  renal  clearance,  and  interactions  with 
cell  surface  proteins.  This  characteristic  of  the  polymer  has  motivated  scientists  to  use  the 
same  for  PEGylation  of  drugs  and  proteins.  Some  workers  have  also  explored  its  utility  by 
conjugating  it  with  drugs  and  protein  structure  for  regulating  autoimmune  responses.  PEG 
attachment  with  drugs  also  increases  the  stability  of  drugs  at  a  wide  pH  range  and  temper¬ 
ature  change.  The  ability  of  PEG  in  reducing  blood  aggregation  means  it  could  be  used  to 
increase  blood  compatibility  of  other  polymers  in  the  form  of  copolymers,  which  may  be 
used  during  implantation  and  formation  of  stents  (D7  souza  and  Shegokar,  2016). 

4.3.2.12  Polymethacrylic  Acid  ( 2 -Methyl-2 -Propenoic  Acid  Homopolymer) 

This  is  also  known  as  a  methacrylic  acid  homopolymer.  Methacrylic  acid  is  used  for  the 
preparation  of  polymethacrylic  acid  (PMAA).  It  is  a  cross-linked  copolymer  in  which 
polyethylene  glycol  (PEG)  is  grafted  onto  polymethacrylic  acid.  These  polymers  show 
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pH-dependent  swelling  behavior.  At  low  pH,  hydrogen  bonds  present  in  the  polymer 
(PMAA)  get  dissociated  and  swelling  of  the  polymer  occurs,  or  its  swelling  properties 
depend  on  the  pH  value.  At  low  pH  (less  than  5.5)  COOH  groups  are  in  nonionized  and 
also  in  collapsible  condition  but  at  high  pH  COOH  groups  are  ionized  and  the  charged  car¬ 
boxylic  acid  groups  repel  each  other,  which  leads  to  swelling  of  PMAA  (Wypych,  2016). 

4.3.2.13  Poly  anhydrides 

Poly  anhydrides  are  mainly  divided  into  three  classes:  aliphatic,  unsaturated,  and  aro¬ 
matic.  Properties  of  polymers  vary  as  the  properties  of  the  functional  group  change. 
Aliphatic  polyanhydrides  with  R  group  having  carbon  atoms  bonded  in  the  straight  or 
branched  chain  are  confirmed  by  their  melting  point  (50° C— 90° C),  crystalline  nature,  and 
solubility  in  chlorinated  hydrocarbons.  Elimination  time  for  these  polymers  from  the  body 
is  1  week.  Unsaturated  polyanhydrides  with  R  group  having  one  or  more  double  bonds 
are  confirmed  by  their  insolubility  in  common  organic  solvents  as  well  as  highly  crystal¬ 
line  in  nature.  Aromatic  polyanhydrides  with  R  group  having  benzene  ring  are  confirmed 
by  insolubility  in  organic  compounds,  crystalline  nature,  and  melting  point  (>100°C). 
Degradation  time  for  these  polymers  is  high,  which  makes  them  less  suitable  for  pharma¬ 
ceuticals  (Uhrich  et  al.,  2014). 

These  are  synthesized  mainly  by  two  methods:  solution  polymerization  and  melt  con¬ 
densation.  Generally,  the  melt  condensation  polymerization  method  is  used  for  getting 
high  molecular  weight  polymers.  This  method  involves  the  reaction  of  dicarboxylic  acid 
monomers  with  excess  acetic  anhydride  under  vacuum  and  high  temperature.  Some  other 
popular  methods  used  for  the  synthesis  of  polyanhydrides  are  microwave  heating,  ring¬ 
opening  polymerization  method,  interfacial  condensation,  solution  polymerization,  as  well 
as  dehydrative  coupling  agents. 

These  polymers  are  biodegradable  in  nature  and  are  mainly  used  for  the  preparation  of 
various  medical  devices  used  for  drug  delivery.  These  polymers  convert  into  diacid  mono¬ 
mers,  which  are  nontoxic  in  nature  and  easily  metabolized  and  eliminated  from  the  body 
without  leaving  any  side  effects.  Chemical  structure,  molecular  weight,  thermal  properties, 
and  crystallinity  of  polyanhydrides  can  be  determined  respectively  by  NMR  spectroscopy, 
gel  permeation  chromatography,  differential  scanning  colorimetry  as  well  as  X-ray  diffrac¬ 
tion  technique  (Eameema  et  al.,  2014). 

These  polymers  are  mainly  used  for  the  preparation  of  biodegradable  medical  devices 
to  release  the  drug  at  a  constant  rate  for  a  long  time,  or  we  can  say  in  a  controlled  release 
manner.  These  devices  are  mainly  used  to  treat  cancer,  eye  disorders,  brain  tumors,  diabe¬ 
tes,  and  also  problems  related  to  nerve  disorders,  etc. 

4.3.2.14  Poly  (Orthoesters) 

Polyorthoesters  are  formed  by  the  transesterification  of  orthoesters  with  diols  or  by 
polyaddition  of  a  diketene  acetate  and  diol.  The  general  structure  for  polyorthoester  is 
—  [— R— O— C(Ri,  OR2)— O— R3— ]n— .  Four  generations  of  polyorthoesters  have  been 
reported  in  the  last  30  years,  that  is,  first  generation  polyorthoesters  (POE-I),  second  gener¬ 
ation  polyorthoesters  (POE-II),  third  generation  polyorthoesters  (POE-III),  and  fourth  gen¬ 
eration  poly  orthoesters  (POE-I  V).  Poly  orthoesters  (POE-IV)  have  excellent  control  over 
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erosion  rate  and  significant  capability  for  producing  bioerodible  drug  products  (Li  et  al., 
2013). 

These  are  mainly  used  for  the  preparation  of  hydrophobic  implants,  which  are  biode¬ 
gradable  in  nature.  Zero-order  drug  release  kinetics  is  followed  by  these  extended  release 
implants.  A  combination  of  poly  orthoester  and  polyethylene  glycol  has  been  used  for  the 
matrixing  and  targeting  of  the  drug  to  tumors.  Further  studies  are  also  focused  on  the 
treatment  of  postsurgery  pain,  osteoarthritis,  and  eye  diseases  (Li  et  al.,  2015). 


4.3.2.15  Diblock  Copolymer 

Diblock  copolymers  are  materials  with  chains  of  two  different  polymeric  monomers 
grafted  in  a  manner  to  appear  in  the  form  of  a  single  polymeric  chain  (Fig.  4.18). 

Generally,  one  chain  of  the  copolymer  is  hydrophilic  and  one  is  hydrophobic  in  nature, 
allowing  the  system  to  form  a  self-assembled  micelle  structure  when  dispersing  in  the 
water.  This  process  of  micelle  formation  requires  thermal  energy,  which  is  obtained  by 
the  solvent  molecules  themselves.  The  common  examples  of  such  copolymers  used  for  the 
development  of  drug  delivery  systems  mainly  contain  polyester  or  a  poly(amino  acid) 
derivative  as  the  hydrophobic  chain  while  PEG  with  a-methoxy  and  N-amino  or  hydroxyl 
groups  is  used  as  the  hydrophilic  chain  and  initiator  for  the  polymerization  of  diblock 
copolymer.  In  recent  times,  block  copolymers  based  on  amino  acids  have  mainly  been 
studied  for  the  development  of  drug  delivery  systems  due  to  their  biodegradable,  biocom¬ 
patible  nature  and  structural  versatility.  PEG-b-P(h-benzyl-L-aspartate),  PEG-b-P(g-benzyl- 
L-glutamate),  PEG-bP(q-benzyloxycarbonyl-L-lysine),  PEG-b-P(D-lactide),  etc.,  are  some 
examples  of  diblock  copolymer  (Lv  et  al.,  2014). 


4.3.2.16  Triblock  Copolymer 

This  copolymer  may  be  of  either  ABA  type  (two  polymeric  chains  of  the  same  type  sep¬ 
arated  end  to  end  by  another  type  of  polymeric  chain)  or  ABC  type  (all  three  chains  of  this 
type  of  copolymer  having  a  different  polymeric  material  attached  end  to  end  in  A-B-C 
manner).  ABA  type  of  triblock  copolymer  may  be  prepared  by  using  diblock  copolymer  as 
an  initiator  molecule.  Hwang  et  al.  have  prepared  a  powdered  form  of  PEG-b-PCL-b-PEG 
triblock  copolymer  with  the  help  of  hexamethylene  diisocyanate  (HDI)  as  conjugating 
material.  It  could  be  understood  into  two  steps  where  in  the  first  step.  It  may  form  a 
diblock  copolymer  having  a  probable  structure  somewhat  like  PEG-PCL-OH  but  when  fur¬ 
ther  copolymerization  occurs  with  the  help  of  HDI  as  the  conjugating  material  it  further 


Polymer  1(A)  chain 


FIGURE  4.18  Diagrammatic  representation  of 
diblock  copolymer. 
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may  lead  to  the  formation  of  PEG-PCL-PEG.  ABA  type  triblock  copolymer  may  also  be 
prepared  by  using  a  bifunctional  initiator  molecule  (Hwang  et  al.,  2005). 

The  preparation  of  A-B-C  type  of  copolymer,  which  contains  three  different  blocks  (A,  B, 
and  C)  may  be  affected  by  three  major  parameters:  degree  of  polymerization,  volume 
proportion  of  all  three  materials,  and  sequence  of  all  three  segments  (ABC,  BCA,  or  CAB) 
of  the  ABC-type  triblock  copolymer.  Kaneko  et  al.  have  prepared  poly[styrene-b-(ethylene- 
alt-propylene)-b-(methyl  methacrylate)]  (SEPM)  and  ABC  type  triblock  copolymer,  and  have 
reported  two  types  of  morphology,  that  is,  knitting  and  ladder  type  (Kaneko  et  al.,  2006). 


4*3*3  Others  and  Branded  Polymers 

4.3.3.1  ENTERACT  HPMCAS  Polymers 

ENTERACT  is  a  trademark  of  Dow  Chemical  Company  for  its  enteric  coated  polymer 
HPMCAS  (hydroxypropyl  methylcellulose  acetate  succinate).  It  is  a  mixture  of  acetic  acid 
and  a  monosuccinic  acid  ester  of  hydroxypropyl  methylcellulose  used  for  regular  enteric 
coating  and  sustained  release  formulations.  ENTERACT  HPMCAS  is  available  in  different 
grades  depending  on  succinoyl  substitution  to  acetyl  substitution  (S/A  ratio)  for  both  the 
aqueous  coating  and  solvent-based  coating  of  particles,  tablets,  and  capsules.  ENTERACT 
HPMCAS  polymers  used  for  enteric  coating  provide  enough  resistance  to  the  formulation 
against  disintegration  and  release  of  the  drug  in  the  stomach.  In  comparison  to  their  com¬ 
petitors  in  the  enteric  coating  segment,  ENTERACT  HPMCAS  is  less  tacky,  more  flexible 
and  efficient,  and  less  reactive  towards  the  drug  molecule.  HPMCAS  may  also  be  used  to 
prepare  the  solid  dispersion  for  increased  bioavailability  and  release  of  the  drug  (Dong 
and  Choi,  2008). 

4.3.3.2  AFFINISOL  Solubility  Enhancing  Polymers 

AFFINISOL  is  another  amazing  product  in  the  HPMCAS  segment  of  Dow  Chemicals. 
AFFINISOL  hypromellose  acetate  succinate  (HPMCAS)  is  a  soluble  polymer  that  increases 
the  solubility  by  forming  stable  solid  dispersions  and  inhibiting  the  crystal  formation  of 
API.  The  solubility  enhancing  capability  of  AFFINISOL  HPMCAS  can  be  modified  by  opti¬ 
mizing  acetate  and  succinate  substitution.  Another  product  of  this  category  is  AFFINISOL 
HPMC  HME,  which  is  designed  to  be  used  in  the  designing  of  formulations  by  hot  melt 
extrusion  for  solubility  enhancement  without  crystallization  of  API.  AFFINISOL  HPMC 
HME  has  lower  glass  transition  temperature  and  melt  viscosity  in  comparison  to  the  other 
available  grades  of  hypromellose.  Huang  et  al.  have  mentioned  that  AFFINISOL  HPMC 
HME  100LV  and  AFFINISOL  HPMC  HME  4M  can  be  processed  using  HME  in  the 
absence  of  plasticizers  and  effectively  inhibit  the  precipitation  of  the  drug,  and  thus  can  be 
used  as  a  sustained  release  polymer  in  an  HME  process  (Huang  et  al.,  2016). 

4.3.3.3  AMBERLITE  and  DUOLITE  Ion  Exchange  Resins 

Resin  is  a  category  of  water-insoluble,  cross-linked  polymers  having  an  ionizable  group 
by  which  it  may  form  a  complex  structure  with  a  drug  to  eliminate  several  problems 
including  taste,  odor,  stability,  etc.  AMBERLITE  is  a  cationic  resin  used  to  derive  several 
formulations  except  for  parenteral  products.  Three  major  resins  of  this  category  are 
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Sodium  Polystyrene 
Sulfonate,  IRP69  (with 
sulfonic  group) 


Polacriiin  Potassium, 
IRP  8S  (with 
carboxylic  group) 


Polacrilex  Resin, 
IRP64  (with 
carboxylic  group) 


FIGURE  4.19  Application  of  Amberlite. 


reported:  Amberlite  IRP69,  which  has  a  sulfonic  acid  functional  group;  and  Amberlite 
IRP64  and  IRP88,  which  have  carboxylic  acid  functional  groups  (Naushad  et  al.,  2015).  The 
different  applications  of  Amberlite  are  reported  in  Fig.  4.19. 

DUOLITE  is  cholestyramine  resin,  which  has  quaternary  ammonium  groups  attached  to 
the  matrix  and  polystyrene  backbone,  imparting  the  properties  of  anion  resin.  DUOLITE  is 
not  absorbed  in  the  GIT  but  it  combines  with  bile  acids  in  the  intestine  and  insoluble  com¬ 
plex  leading  to  its  excretion  the  feces  and  in  this  way,  it  may  be  helpful  in  the  manage¬ 
ment  of  hypercholesterolemia.  In  the  pharmaceutical  formulation,  it  may  also  be  used  as  a 
taste  masking  and  stabilizing  agent  as  well  as  in  the  development  of  sustained  release 
formulation  agents  (Wang  et  al.,  2016). 


4.3.3.4  ETHOCEL  Premium  Ethylcellulose  Polymers 

ETHOCEL  premium  ethylcellulose  polymers  are  among  the  few  water-insoluble  poly¬ 
mers  that  are  being  used  widely  in  the  pharmaceutical  and  cosmetic  industries. 
ETHOCEL  is  a  trademark  of  Dow  Chemicals  in  the  category  of  thermoplastic  cellulose 
ether,  which  becomes  softer  and  attains  plastic  behavior  in  the  temperature  range  of 
135°C— 160°C,  having  a  variety  of  uses  such  as  binders,  film  formers,  taste  masking 
agents,  barrier-forming  agents  for  water,  viscosity  modifiers,  etc.  ETHOCEL  becomes  sol¬ 
ubilized  in  nonpolar  solvent  and  can  effectively  be  used  in  the  development  of  sustained 
and  extended  release  formulations.  This  polymer  is  present  in  the  market  with  different 
viscosity  depending  on  the  chain  length  (Khan  et  al.,  2015).  Various  applications  of 
ETHOCEL  are  mentioned  in  Fig.  4.20. 
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FIGURE  4.20  Various  applications  of  ETHOCEL. 

4.3.3. 5  METHOCEL  Premium  Cellulose  Ethers  CR 

METHOCEL  (hypermellose  USP)  belongs  to  the  water-soluble  cellulosic  ether  category 
having  methyl  (methylcellulose)  and  hydroxypropyl  groups  (HPMC).  Studies  show  that 
METHOCEL  is  a  very  good  tonicity  modifier,  binder,  film-forming  agent,  diluent,  etc. 
Numerous  grades  of  METHOCEL  are  available  to  date  and  can  be  used  for  different  pur¬ 
poses  in  the  pharmaceutical  industry  such  as  protective  colloids,  pumping  aids,  extrusion 
aids  due  to  its  lubricating  property,  surfactants  in  an  aqueous  system,  film-forming  agents, 
and  rheology  modifiers  (Komersova  et  al.,  2016).  These  polymers  also  have  acceptance  for 
a  wide  range  of  pH  and  also  show  thermal  gelation  capability  due  to  methyl— methyl 
group  interaction,  making  them  a  good  candidate  for  artificial  tears.  Generally  regarded  as 
safe  (GRAS)  rating  by  FDA,  inert  behavior,  biocompatibility,  high  hydrophilic  character, 
and  matrix-forming  ability  are  some  of  the  important  features  that  make  it  widely 
accepted  in  all  segments  of  the  pharma  industry  including  the  formulation  of  sustained 
and  controlled  release  formulation.  Faster  uptake  of  water  and  its  penetration  during  the 
hydration  of  the  polymer  starts  an  uncoiling  of  the  polymeric  chain  system,  leading  to  the 
hydrogen  bond  breaking,  but  further  hydrogen  bond  formation  between  the  polymer  and 
water  molecule  leads  to  formation  of  a  matrix-like  system  (Mallon,  2015)  (Fig.  4.21). 
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FIGURE  4.21  Probable  mechanism  of  action  of  Pemulen  polymeric  emulsifiers. 

4.3. 3. 6  POLYOX  Water-Soluble  Resins 

POLYOX  is  a  nonionic  water-soluble  poly(ethylene  glycol)  compound  having  higher 
molecular  weight  in  the  range  of  100,000—8,000,000.  Rather  than  the  other  properties  like 
high  water  solubility,  high  water  retaining  capacity,  film  formation,  and  binding  property 
shown  by  the  majority  of  other  polymers,  POLYOX  shows  thermoplastic  behavior  and 
could  be  easily  molded  or  extruded.  It  also  has  viscoelastic  property,  which  reduces  spat¬ 
tering  and  misting  potential  in  their  aqueous  solutions.  During  film  formation,  it  forms  a 
flexible  as  well  as  a  tough  film,  which  is  reported  to  be  resistant  to  oil  and  greasy  material. 
POLYOX  shows  a  wide  range  of  properties,  which  makes  it  valuable  for  a  variety  of 
industries  such  as  pharmaceuticals,  cosmetics,  ceramics,  mining,  electronics,  communica¬ 
tions,  etc.  (Shah  et  al.,  2014).  Some  important  properties  of  POLYOX  are: 

•  It  has  a  tendency  to  bind  with  pigments,  fillers,  metal  powders,  and  ceramics,  and 
easily  burn  off  even  at  lower  temperatures  without  producing  char. 

•  In  association  with  the  different  polar  compounds,  this  resinous  material  can  be  used 
for  preparing  novel  controlled  or  sustained  release  products. 

•  Higher  cross-linking  properties  and  high  water  retaining  capacity  make  it  a  very  good 
candidate  for  hydrogels. 

•  It  shows  a  very  good  emollient  property. 

•  POLYOX  alone  or  in  combination  with  others  (like  polyesters,  polycaprolactone,  ethyl 
vinyl  acetate,  etc.)  may  have  a  tendency  to  form  tough  but  flexible  film  either  by 
thermoplastic  or  casting  process. 

•  It  is  nonirritant  and  nontoxic  in  nature. 

•  This  polymer  may  also  be  used  as  a  flocculating  agent,  thickening  agent,  and  work  as  a 
lubricating  agent  when  mixed  with  water  (Simms  et  al.,  2017). 
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4.3.3. 7  Lubrizol  Polymer 

Lubrizol  polymers  have  a  series  of  polymers  such  as  pathway  excipient  (Thermoplastic 
polyurethane,  TPU),  Carbopol  polymers,  Noveon  Polycarbophil,  Pemulen  polymeric  emul¬ 
sifiers  and  Transform  polymer  films,  which  have  been  developed  by  Lubrizol  Life  Sciences. 

Among  these  polymers,  TPU  shows  very  good  durability,  mechanical  strength,  and 
resistance  against  oil,  debris,  and  dirt.  Studies  also  show  that  it  does  not  need  plasticizer, 
so,  can  be  used  as  better  alternative  polyvinyl  alcohol  (PVA).  Resistance  towards  hydroly¬ 
sis  and  environmental  conditions  makes  it  very  useful  for  the  development  of 
implantable  drug  delivery  and  combination  products  (Badawi  et  al.,  2008).  Another  cate¬ 
gory  of  Lubrizol  is  again  a  widely  accepted  polymer,  that  is,  Carbopol  polymers  are  exten¬ 
sively  being  used  in  the  development  of  oral  care  products  including  pastes  and  gels 
(Diaz-Gomez  et  al.,  2015). 

Pemulen  is  high  molecular  weight  polyacrylic  polymer  used  mainly  for  emulsifying 
purposes.  The  presence  of  small  lipophilic  part  in  addition  to  a  large  hydrophilic  part 
makes  it  able  to  work  as  an  emulsifier.  Studies  show  that  these  novel  polymers  sufficiently 
produced  the  emulsifying  action  even  in  a  very  low  amount  by  forming  an  adsorbed  gel 
layer  around  each  oil  droplet,  with  the  hydrophobic  portion  entangled  into  the  oil  phase 
(Moghassemi  et  al.,  2017;  Tamor  and  Dowdell,  2018). 

Transform  is  a  thermoplastic  urethane  based  polymer  of  Lubrizol  Life  Sciences,  mainly 
prepared  to  increase  the  drug  absorption.  In  a  permeability  study,  a  drug  incorporated 
into  Transform  films  was  compared  against  its  commercial  counterpart  and  it  was  found 
that  drug  incorporated  in  Transform  films  had  higher  permeation  through  human  cadaver 
skin  (Brannigan  et  al.,  2016). 


4*4  FACTORS  AFFECTING  BIODEGRADATION  OF  POLYMERS 


Biodegradation  may  be  referred  to  as  the  process  of  modification  in  such  a  way  that 
leads  to  the  formation  of  a  simpler  molecule  that  could  easily  be  cleared  from  the  body. 
Biodegradation  in  the  living  system  may  either  be  due  to  hydrolysis  or  by  enzymatic 
action.  There  are  several  factors  that  may  affect  the  process  of  degradation,  which  will  be 
described  in  the  next  section  (Grima  et  al.,  2000). 


4*4T  Chemical  Structure 

Biodegradation  of  polymeric  system  by  chemical  methods  follows  either  hydrolysis  or 
enzymatic  reaction,  followed  by  oxidative  stress,  and  studies  show  that  the  presence  of  a 
specific  bond,  double  bond,  or  group  decides  the  hydrolysis  of  the  carbon  chain.  It  has 
been  observed  that  polymers  having  ortho-ester  and  anhydride  bonds  get  degraded  easily 
due  to  the  high  reactivity  of  these  bonds.  A  polymer  having  ester  and  amide  bond  also 
shows  a  comparatively  high  rate  of  degradation  but  it  is  lower  than  polymers  having 
orthoester  and  anhydride  bond.  Presence  of  a  neighboring  group  in  the  side  chain  also 
shows  variable  reactivity  due  to  steric  hindrance.  Impact  of  steric  hindrance  may  be  best 
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understood  by  the  slower  degradation  of  polylactic  acid,  which  occurs  at  a  comparatively 
slower  rate  due  to  steric  hindrance  posed  by  alkyl  groups  (Iwata,  2015). 


4*4*2  Chemical  Composition 

The  chemical  composition  of  the  polymeric  system  may  also  have  an  impact  on  the  bio¬ 
degradation.  In  a  normal  process,  it  is  thought  that  if  a  molecule  is  water  soluble  then  it 
will  be  easily  hydrolyzed.  But,  if  we  could  impart  the  hydrophobic  character  to  this  mole¬ 
cule  the  degradation  via  hydrolysis  may  be  decreased.  Addition  of  long  carbon  chain  stea¬ 
ric  acid  in  gelatine  may  improve  the  properties  of  gelatin  including  biodegradable 
character.  Petit  et  al.  have  mentioned  in  their  work  that  polymers  based  on  PEGi50o  and 
PCLA  have  a  degradation  time  of  almost  6  months  while  PLGA/PEG  copolymers  get 
easily  degraded  within  1  or  2  months  (Petit  et  al.,  2013). 


4*4*3  Distribution  of  Repeat  Units  in  Multimers 

Presence  of  another  monomer  unit  and  branching  both  may  alter  the  biodegradable 
behavior.  Studies  show  that  succinoyl  substitution  to  the  polymer  helps  in  developing 
the  biodegradability.  The  similar  behavioral  pattern  was  also  observed  in  1,3-bis-p-car- 
boxyphenoxypropane-co-sebacic  acid  [p(CPP-SA)]  where  the  degradation  of  polymer 
clearly  depends  on  the  CPP  content.  When  the  CPP  content  is  increased,  it  also  leads  to 
increment  in  the  time  of  polymeric  degradation.  At  the  same  time,  branching  and  posi¬ 
tion  of  the  double  bond  in  the  polymeric  system  may  also  alter  the  degradation  behavior 
(Evtushenko  et  al.,  2016). 


4*4*4  Presence  of  Ionic  Groups 

Polymeric  degradation  may  also  be  altered  by  the  pH  of  media  where  biodegradation 
has  to  occur  by  changing  the  polymeric  chemistry  by  ionization.  In  a  study.  King  et  al. 
have  reported  that  degradation  of  PGA  may  be  altered  by  changing  the  ionic  strength  and 
pH  of  the  system  (King  and  Cameron,  1997).  Higher  degradation  of  homopolymers  and 
copolymers  of  polylactide  and  polyglycolide  in  alkaline  medium  was  observed  rather  than 
the  degradation  of  the  same  in  acidic  conditions. 

Some  workers  have  also  reported  that  water  uptake  by  the  polymer  decreases  initially 
in  the  presence  of  ionic  solution,  but,  with  the  release  of  degradation  products,  degrada¬ 
tion  and  erosion  of  polymer  increase  in  the  presence  of  ions  (Elsawy  et  al.,  2017). 


4*4*5  Presence  of  Unexpected  Units  or  Chain  Defects 

The  biodegradable  character  of  any  polymer  is  greatly  affected  by  chain  length  and  any 
defect  in  chain-like  presence  or  absence  of  chirality,  which  may  also  because  of  any  unex¬ 
pected  group  or  unit  present  on  the  particular  carbon.  Incorporation  of  any  hydrophilic 
group  or  absence  of  double  or  triple  bond  may  increase  the  hydrophilicity  of  the  molecule. 
Similarly,  the  addition  of  additional  unexpected  carbon  chain  or  hydrophobic  group  may 
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lead  to  the  hydrophobicity.  Sometimes  the  generation  or  deletion  of  chiral  carbon  may 
also  be  there  due  to  such  unexpected  units  or  chain  defects,  imparting  complex  behavior 
rather  than  the  normal  behavior  of  that  polymer.  Incorporation  of  hydrophilicity,  hydro¬ 
phobicity,  or  chirality  may  have  a  great  impact  on  the  biodegradable  behavior  (Gavasane 

and  Pawar,  2014). 


4*4*6  Configuration  Structure 

The  configuration  of  any  structure  plays  a  very  important  role  in  the  case  of  enzymatic 
degradation  of  synthetic  polymers.  Studies  show  that  the  presence  of  substituent  group, 
presence,  and  position  of  bond,  branching,  and  steric  configuration  are  some  important 
parameters  that  inhibit  biodegradation  (Guo  and  Ma,  2014). 


4*4*7  Molecular  Weight 

Higher  molecular  weight  is  important  for  the  mechanical  strength  and  increased 
mechanical  strength  delays  the  biodegradation.  But  at  the  same  time,  it  has  also  been 
observed  that  a  few  polymeric  materials  like  polycaprolactone  are  easily  degraded  in  bio¬ 
logical  condition  due  to  the  presence  of  hydrolyzable  groups  (Tangsadthakun  et  al.,  2017). 


4*4*8  Molecular- Weight  Distribution 

Polymers  having  molecules  of  different  molecular  weight  or  polymeric  material  having 
polydispersity  are  bad  candidates  in  terms  of  mechanical  strength  as  they  get  easily 
degraded  in  the  biological  system  but  the  rate  of  biodegradation  decreases  especially 
when  low  molecular  weight  molecules  are  consumed  (Himmelberger  et  al.,  2014). 


4*4*9  Morphology  (Amorphous/Semicrystalline,  Microstructures, 

Residual  Stresses) 

Crystallization  of  the  polymer  possesses  a  regular  structure  with  close  packing  of  mole¬ 
cules  and  increases  the  chances  of  intermolecular  attractions,  and  this  close  packing  is  con¬ 
sidered  to  be  essential  for  stability  against  biodegradation  due  to  poor  permeability  of  the 
solvent  through  it.  While  the  semicrystalline  and  amorphous  system  does  not  have  such 
close  packing  and  swells  easily  in  presence  of  a  solvent,  leading  to  comparatively  easy 
degradation  (Costa  and  Lanceros-Mendez,  2017). 


4*4*10  Presence  of  Low-Molecular- Weight  Compounds 

Presence  of  low  molecular  weight  compound  in  a  polymer  sample  increases  its  poly¬ 
dispersibility  and  studies  show  that  the  poly-dispersible  sample  of  a  polymer  having  low 
molecular  weight  compound  gets  easily  degraded.  It  has  also  been  observed  that  as  the 
low  molecular  weight  molecules  get  consumed  the  rate  of  degradation  decreased  in 
comparison  to  its  initial  rate  of  degradation  (Patel  and  Chakraborty,  2016). 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


152 


4.  USE  OF  POLYMERS  IN  CONTROLLED  RELEASE  OF  ACTIVE  AGENTS 


4*4*11  Processing  Conditions 

Processing  condition  during  the  generation  of  polymers  shows  a  greater  impact  on  the 
properties  of  the  polymer.  Studies  show  that  the  incorporation  of  a  newer  method  like  ran¬ 
dom  and  block  copolymerization,  grafting,  and  physical  blending  may  impart  the  biode¬ 
gradable  feature  in  the  prepared  polymer  in  comparison  to  polymers  prepared  by  the 
conventional  method. 

PLA,  a  biodegradable  polymer,  is  generally  derived  from  the  polycondensation  of  d-  or 
L-lactic  acid  or  from  ring-opening  polymerization  of  lactide,  a  cyclic  dimer  of  lactic  acid. 
Ring-opening  polymerization  leads  to  the  formation  of  high  molecular  weight  PLAs  and 
can  achieve  controlled  properties  and  improved  mechanical  strength.  Apart  from  these, 
melt/ solid  state  polymerization,  solution  polymerization,  or  chain  extension  reaction  may 
also  be  used  to  prepare  high  molecular  weight  PLA  (Thakur  and  Thakur,  2014). 


4*4*12  Annealing 

Annealing  is  a  process  of  applying  heat  followed  by  a  slow  rate  of  cooling  to  produce  a 
microstructure  of  polymeric  fiber  with  increased  strength,  hardness,  ductility,  etc.  Abhari 
et  al.  have  studied  the  impact  of  annealing  process  on  the  mechanical  strength  and  degra¬ 
dation  of  polydioxanone  (PDO)  and  annealed  filaments  at  low  temperature  and  observed 
that  in  case  of  mechanical  strength  it  has  very  little  impact  but  it  has  a  significant  retardant 
effect  on  the  degradation  of  the  filament  (Harsanyi,  2017). 


4*4*13  Sterilization  Process 

Sterilization  process  of  polymers  is  either  done  by  use  of  chemicals  like  ethylene  oxide 
or  by  use  of  radiation  and  both  processes  may  have  the  chances  of  oxidation  or  free  radical 
generation  leading  to  the  change  in  the  polymeric  system.  Alariqi  et  al.  have  reported  that 
minor  degradation  and  change  in  the  polymeric  system  like  chain  scission,  surface  cracks, 
and  oxidized  functional  groups  formed  by  photo-  and  radiooxidation  have  a  significant 
impact  on  the  biodegradation  rate  of  sterilized  polypropylene  (Alariqi  and  Singh,  2010). 


4*4*14  Storage  History 

Improper  storage  conditions  may  always  lead  to  the  chances  of  biodegradation  due  to 
exposure  of  the  polymeric  material  to  the  environmental  conditions.  Change  in  the  crystal 
behavior  of  a  polymer  system  may  be  one  reason  for  the  increased  biodegradability.  Hadi 
et  al.  have  mentioned  in  their  study  that  a  secondary  crystallization  of  the  amorphous 
phase  occurs  during  storage  time  at  room  temperature  and  modulus  for  stress  and  elonga¬ 
tion  increase  while  the  polymer  becomes  harder  and  more  brittle  (El-Hadi  et  al.,  2002). 
Similarly,  it  has  also  been  observed  that  starch,  microcrystalline  cellulose,  eudrazit  El 00, 
etc.  show  clear  signs  of  degradation  during  improper  storage  conditions. 
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4*4*15  Shape  of  the  Polymer 

Biodegradation  of  polymers  may  be  increased  by  changing  the  shape  in  such  a  way  that 
increases  the  surface  for  interaction  with  microorganisms  or  enzymes.  In  their  study,  Yang 
et  al.  have  reported  that  the  biodegradation  of  biodegradable  plastic  in  its  early  stage  was 
faster  in  its  powder  form  having  a  larger  surface  area  rather  than  in  its  film  form.  They 
also  mentioned  that  the  shape  of  the  polymer  does  not  have  any  significant  effect  in  the 
later  stage  of  biodegradation  (Yang  et  al.,  2005). 

They  also  reported  that  the  effect  of  shape  on  biodegradation  was  not  very  significant 
in  case  of  in  the  case  of  easily  biodegrading  plastics  while  the  shape  has  a  significant  effect 
on  biodegradation  in  the  case  of  slowly  biodegrading  plastics  (Yang  et  al.,  2005). 


4*4*16  Site  of  Implantation 

Bioerosion  of  polymer  may  be  significantly  affected  by  the  pH,  the  presence  of  a  specific 
enzyme,  and  cell  secretion  if  these  are  used  in  formulations  delivered  in  the  form  of  an 
implant  (Kapoor  et  al.,  2015). 


4*4*17  Adsorbed  and  Absorbed  Compounds  (Water,  Lipids,  Ions,  etc*) 

Adsorption  or  absorption  of  the  different  compounds  at  the  polymeric  surface  may  alter 
the  biodegradation  pattern  of  the  polymer.  It  could  be  better  understood  by  the  enzymatic 
degradation  process  of  the  polymer  where  enzymes  get  either  adsorbed  at  the  polymeric 
surface  or  form  a  complex  structure.  But  if  the  polymeric  surface  already  has  any  other 
material  it  will  not  be  easy  for  the  enzyme  to  get  attached  to  the  polymeric  surface,  leading 
to  a  hindrance  in  the  biodegradation  process.  Similarly,  the  biodegradation  of  a  polymer 
by  hydrolysis  is  favored  by  the  diffusion  of  water  into  the  polymeric  core  but  if  lipid 
adsorption  or  absorption  occurs,  the  biodegradation  by  hydrolysis  will  certainly  be  hin¬ 
dered  (Hetemi  et  al.,  2016).  While  if  such  polymers  have  adsorption  or  absorption  of  the 
hydrophilic  ionic  system,  it  will  definitely  increase  the  diffusion  of  the  water  through  the 
polymeric  matrix  and  by  this  way  it  will  favor  biodegradation.  Jahangir  et  al.  have 
reported  in  their  study  that  the  preadsorption  of  fibrinogen  (Fg)  on  the  surface  of  poly 
(ether-urethane)  (PEU)  polymers  provides  a  temporary  protective  effect  against  cholesterol 
esterase  (CE)  enzyme  (Jahangir  et  al.,  2003). 


4*4*18  Physicochemical  Factors  (Ion  Exchange,  Ionic  Strength,  pH) 

Apart  from  the  various  physiochemical  factors  of  a  polymer  that  affect  its  degradation, 
other  factors  like  presence  of  ionic  group  in  the  polymeric  molecule  and  pH  of  the  envi¬ 
ronment  also  have  a  significant  effect  on  the  biodegradation  process.  Presence  of  ionic 
group  or  charge  on  the  polymeric  surface  is  a  necessary  factor  important  for  surface  modi¬ 
fication.  At  the  same  time  various  bonds  present  in  the  biodegradable  polymers  are  either 
broken  at  specific  pH  (ester  bond  breaking  at  more  than  pH  6.8)  or  by  enzymes  like  gluco- 
sidase,  azo  reductases,  etc.,  which  are  active  at  the  specific  pH  (Fox  et  al.,  2016). 
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4.5  POLYMERS  FOR  RESPON SE^B ASED  RELEASE 

There  are  several  polymers  used  for  the  development  of  formulations  that  respond  and 
start  to  release  the  drug  in  specific  environmental  conditions.  Basically,  these  specific  poly¬ 
mers  have  a  tremendous  change  in  their  physiochemical  characteristics  when  exposed  to  a 
specific  condition.  Studies  show  that  the  majority  of  such  polymers  either  belong  to  a  copoly¬ 
mer  or  cross-linked  polymer  category  (Wei  et  al.,  2017).  Different  categories  of  such  polymers 
and  specific  conditions  in  which  they  work  are  outlined  below  (Taghizadeh  et  al.,  2014): 

•  Polymers  based  on  temperature 

•  Polymers  based  on  pH 

•  Polymers  based  on  redox  potential 

•  Glucose-responsive  polymers 

•  Ionic  strength 

•  Chemical  species 

•  Enzyme-substrate 

•  Magnetic 

•  Ultrasound  irradiation 

4.5*1  Polymers  Based  on  Temperature 

Polymers  that  have  a  tendency  to  alter  their  properties  with  a  change  in  the  temperature 
of  the  system  are  known  as  thermoresponsive  polymers.  Such  polymers  mainly  have  two 
distinct  types:  one  that  forms  aggregates  on  heating  due  to  precipitation,  and  one  that  gets 
solubilized  upon  increasing  the  temperature.  Polymers  that  get  precipitated  at  a  specific 
temperature  are  regarded  as  lower  critical  solution  temperature  (LCST)  systems  and  poly¬ 
mers  that  get  solubilized  after  heating  are  known  as  upper  critical  solution  temperature 
(UCST)  systems  (Huang  et  al.,  2015).  It  has  been  observed  that  due  to  a  change  in  tempera¬ 
ture,  the  rate  of  change  in  the  hydration  of  the  polymer  may  be  one  reason  for  the  above. 
Some  common  examples  of  such  polymers  are  poly(N-isopropyl  acrylamide),  poly(methyl 
vinyl  ether),  block  copolymer  of  poly(ethylene  oxide)  and  poly(propylene  oxide)s,  poly¬ 
acrylamide  and  polyacrylic  acid  IPN,  N-isopropylacrylamide  (NIP AM)  and  poly(N-isopro- 
pyl  acrylamide)  (PNIPA)  based  polymers,  etc.  (Cortez-Lemus  and  Licea-Claverie,  2016). 

4.5*2  Polymers  Based  on  pH 

These  polymers  include  a  group  of  stimuli-responsive  polymers  that  show  a  sudden 
change  in  the  properties  of  their  polymeric  system  due  to  change  in  pH.  Studies  related  to 
such  polymers  reveal  that  these  polymers  have  ionizable  acidic  or  basic  groups  that  get 
ionized  with  a  change  in  pH  (Guragain  et  al.,  2015). 

It  has  also  been  observed  that  these  polymers  get  protonated  or  deprotonated  with  a 
change  in  pH  leading  either  to  coagulation,  flocculation,  micelle  formation,  etc.,  or  forma¬ 
tion  of  solution  depending  on  the  conditions  (James  et  al.,  2014).  Generally,  pH-responsive 
polymers  may  be  categorized  into  three  major  groups: 

•  pH-responsive  acidic  polymer:  poly(methacrylic  acid)  (PMAA),  poly(2-acrylamide-2- 
methylpropane  sulfonic  acid)  (PAMPS),  Phosphoric  and  boronic  acid  containing  groups,  etc. 
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•  pH-responsive  basic  polymer:  (meth)acrylamide,  poly[(2-diethylamino)ethyl  methacrylate] 
(PDEA),  poly[(2-diisopropyl  amino)ethyl  methacrylate]  (PDPA),  poly(2-vinyl  pyridine) 
(P2VP),  etc. 

•  pH-responsive  natural  polymer:  dextran,  HA,  alginic  acid,  chitosan 


4*5*3  Polymers  Based  on  Redox  Potential 

Polymers  that  have  a  redox  system  either  linked  directly  to  the  polymer  or  attached  at 
the  side  and  reversibly  oxidized  or  reduced  may  be  considered  as  redox-responsive  poly¬ 
mers.  Such  polymers  may  be  prepared  by  addition  of  redox-responsive  linkages  like  disul¬ 
fide  and  diselenide  into  the  polymeric  chain.  It  has  also  been  found  that  these  polymers 
have  an  amphiphilic  structure.  Common  examples  of  redox  polymers  include  copolymer 
of  poly(e-caprolactone)  and  poly(oligo(ethylene  glycol)  thiomalate)  (POEGTMA)  named  as 
PCL-b-POEGTMA-b-PCL,  PEG-coated  poly(amino  acid),  etc.  (Liang  et  al.,  2015). 


4*5.4  Glucose-Responsive  Polymers 

These  polymers  are  designed  in  such  a  way  that  changes  in  their  properties  start  after 
exposure  to  a  certain  level  of  glucose.  Designing  of  the  delivery  system  may  be  a  boon  to  the 
case  of  diabetes  where  a  self-delivery  system  may  be  developed  using  such  polymers.  For 
developing  this  type  of  polymer  a  glucose  sensitive  moiety  such  as  glucose  oxidase  or  conca- 
na valin  A  is  attached  to  the  polymers.  A  self-regulating  such  insulin  delivery  system  was 
developed  by  Kim  and  coworkers,  where  they  used  concanavalin  A  as  a  glucose  sensing 
moiety  (Kim  and  Park,  2001).  Similarly,  Kitano  and  coworkers  have  developed  a  self-delivery 
insulin-loaded  formulation  by  incorporating  phenylboronic  acid  (PBA)  as  moiety  as  a  glucose 
sensor  molecule  in  poly(N-vinyl-2-pyrrolidone)  [poly(NVP-coPBA)]  (Kitano  et  al.,  1992). 


4*5.5  Ionic  Strength 

Development  of  an  interface  at  the  polymeric  surface  in  such  a  way  that  could  be 
altered  with  a  change  in  the  ionic  strength  may  also  be  used  in  a  smart  delivery  system. 
Zhou  et  al.  have  reported  similar  work  where  they  had  generated  such  interface  by  in  situ 
electrochemical  induced  polymerization  process  by  using  an  aqueous  solution  having 
1.0  M  N-isopropyl  acrylamide  or  sodium  acrylate,  and  0.01  M  Na2S208  (Zhou  et  al.,  2006). 
In  a  similar  work  done  by  Ghosh  and  coworkers,  they  had  prepared  by  attaching  a  labile 
disulfide  bond  to  each  ionic  carboxylate  unit  in  polymer  backbone  leading  to  the  genera¬ 
tion  of  the  self-assembly  system.  They  have  also  reported  the  disassembly  of  these  struc¬ 
tures  by  cleavage  of  the  disulfide  bond  by  generating  monovalent  interaction  or  by  adding 
a  high  concentration  of  salt  at  lower  pH  (Ghosh  et  al.,  2009). 


4*5.6  Chemical  Species 

Those  polymers  that  show  a  change  in  their  property  and  drug  release  pattern  in  pres¬ 
ence  of  any  reactive  chemical  species  may  be  regarded  as  chemical  species  responsive 
polymers.  Thioether-based  oxidation-sensitive  materials  (ABA  block  polymers  of  poly 
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(ethylene  glycol)  (PEG)  and  poly(propylene  sulfide)  (PPS)),  selenium-containing  polymers 
(phenylselenide-l-undecyl  triethylammonium  bromide  (SeQTA)),  tellurium-containing 
polymers,  poly(thioketals),  PBA/phenylboronic  ester-containing  polymers,  etc.,  are  some 
major  examples  of  chemical  species  responsive  polymers  (Cao  et  al.,  2015). 


4*5*7  Enzyme-Substrate 

It  is  a  well-known  fact  that  enzymes  are  very  selective  and  specific  towards  their  sub¬ 
strate  and  this  property  of  the  enzyme  can  be  used  to  prepare  enzyme  responsive  poly¬ 
mers  by  attaching  a  specific  substrate  to  the  polymeric  chain,  as  in  the  case  of  proteolytic 
enzyme,  where  a  specific  amino  acid  sequence  may  be  used  as  the  substrate.  There  are 
two  more  requirements  that  should  also  be  fulfilled  for  preparing  such  polymeric  system. 
The  first  one  is  that  the  substrate  specific  to  the  enzyme  should  be  clearly  present  at  the 
position  for  easy  access  by  the  enzyme  and  the  second  one  is  that  reaction  of  the  enzyme 
on  the  substrate— polymer  complex  should  result  in  the  modification  of  a  characteristic  of 
the  polymer  (Coughlin  et  al.,  2016). 

In  similar  fashion  incorporation  of  a  specific  bond  that  is  cleaved  only  by  a  specific 
enzyme  may  also  be  used  as  a  tool  for  the  development  of  enzyme  responsive  polymers. 
Polymer— substrate  complex  having  a  glucoside  or  azo  bond,  which  are  cleaved  by  gluco- 
sidase  and  azo-reductase  respectively,  may  be  considered  as  better  examples  of  the  same 

(Halma  et  al.,  2017). 


4*5*8  Magnetic  Field  Responsive  Polymers 

Magnetic  field  responsive  polymers  are  specially  designed  polymers  that  changes  their 
character  under  the  influence  of  an  applied  magnetic  field.  By  using  this  phenomenon, 
magnetic  gel  (ferrogel)  and  magnetic  elastomers  (magnetoelasts)  have  been  developed  in 
recent  years.  A  magnetic  responsive  polymer  composite  is  another  advancement  in  the 
magnetic  field  responsive  polymer  category  (Zhao  et  al.,  2015). 


4*5*9  Ultrasound  Irradiation 

Polymers  or  copolymers  that  get  degraded  due  to  bond  cleavage  or  due  to  change  in 
temperature  are  called  an  ultrasound  irradiation  responsive  polymer.  PEO-b-poly(2-(2- 
methoxy  ethoxy)  ethyl  methacrylate-co-THPMA)  is  an  example  of  such  polymer,  in  which 
ultrasound  irradiation  leads  to  the  cleavage  of  tetra  hydropyranyl  groups  to  form  acrylic 
acid,  causing  disassembly  of  the  micelles  (Manouras  and  Vamvakaki,  2017). 


4*6  POLYMER  CONJUGATE  SYSTEMS  FOR  CONTROLLED  RELEASE 

OF  VARIOUS  BIO  ACTIVE 


Delivery  of  therapeutics  and  bioactive  material  has  always  been  a  critical  issue  due  to 
several  limitations  like  poor  bioavailability,  instability  of  the  material  in  specific 
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physiological  conditions,  association  with  toxic  behavior,  etc.  These  shortcomings  can  be 
overcome  by  use  of  the  polymeric  system  in  the  form  of  conjugates  or  prodrugs.  But  it  is 
always  very  critical  to  select  a  suitable  polymer  and  method  of  its  conjugation  with  differ¬ 
ent  types  of  bioactive  materials  (Kolate  et  al.,  2014). 


4*6*1  Drug— Polymer  Conjugates 

In  general  drug— polymer  conjugates  behave  like  a  prodrug,  which  remains  inactive 
before  scissoring  of  conjugated  bond  and  release  of  the  active  drug.  Apart  from  the  pro¬ 
drug  action  these  conjugates  also  impart  several  advantages  by  increasing  the  solubility, 
protection,  pharmacokinetics,  and  decreasing  the  immunogenic  property.  They  also 
increase  the  possibility  for  developing  advanced  drug  delivery  systems  that  could  be  used 
for  both  active  and  passive  targeting.  There  are  several  drugs  that  have  been  converted 
into  the  polymer— drug  (paclitaxel,  camptothecin,  doxorubicin,  etc.)  conjugates  by  using 
homopolymers,  graft,  or  block  polymers.  Some  common  polymers  or  copolymers  used  for 
forming  such  conjugates  are  PEG,  poly  glutamate,  P-HPMA,  etc.  (Tekade  et  al.,  2009b; 
Wang  et  al.,  2015). 


4*6*2  Herbal  Extracts 

Natural  products  that  are  isolated  from  plants  are  known  as  herbal  medicines.  Herbal 
products  and  natural  plant  medicines  are  used  to  cure  diseases.  For  effective  targeting  of 
these  therapeutic  agents  to  the  appropriate  site  in  the  body  to  accomplish  promptly  and 
then  maintaining  the  desired  drug  concentration,  the  drug  delivery  system  should  deliver 
the  drug  at  a  rate  controlled  by  the  necessity  of  the  body  over  a  specified  term  of  treat¬ 
ment.  This  objective  can  be  achieved  through  the  use  of  bioactive  polymers.  Nano  herbal 
formulations  delivered  using  polymeric  system  are:  nanoparticles  of  Cuscuta  chinensis  pos¬ 
sessing  hepatoprotective  and  antioxidants  effect;  Artemisinin  nanocapsule  for  sustained 
drug  release  possessing  anticancer  effect;  Radix  salvia  miltiorrhiza  nanocapsule  for  improv¬ 
ing  bioavailability  in  the  case  of  coronary  heart  diseases,  angina;  taxel-loaded  nanoparti¬ 
cles  to  enhance  the  bioavailability  and  sustained  delivery  of  anticancerous  agents; 
berberine-loaded  nanoparticles  as  an  anticancer  agent  for  sustained  drug  delivery,  etc. 
(Hsiao  et  al.,  2018).  Various  herbal  extracts /materials  and  polymer  conjugates  are 
mentioned  in  Table  4.6. 


4*6*3  Protein  and  Peptides 

The  oral  route  is  the  most  convenient  route  for  the  systemic  delivery  of  pharmaceuti¬ 
cals,  however,  the  challenges  are  to  deliver  large  molecular  weight  proteins  and  peptides 
through  oral  administration,  which  have  been  under  research.  Bioavailability  through  this 
route  is  poor  for  molecules  of  higher  molecular  mass.  Parenteral  delivery  of  proteins  and 
peptides  has  been  the  method  of  choice  for  systemic  delivery  due  to  ease  of  administration 
(Ahmad  et  al.,  2017).  Various  natural  derived  and  synthetic  biodegradable  polymers  uti¬ 
lized  in  protein  drug  delivery  include  albumin  for  delivery  of  insulin,  urokinase,  YIGSR, 
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TABLE  4.6  Examples  of  Various  Herbal  Extract— Polymer  Conjugates 


Herbal 

Extract 

Chemical  Classification 

Pharmacological  Activity 

Polymer 

Used 

Particle 

Size 

(nm) 

Triptolide 

Diterpenoid  triepoxide  obtained 
from  traditional  Chinese  medicine 
Tripterygium  wilfondil  Hook  F 

Used  in  the  treatment  of 
autoimmune  diseases,  especially 
rheumatoid  arthritis,  psoriasis, 
leukemia,  and  antineoplastic 
activity 

Poly(DL-lactic 

acid) 

149.7 

Curcumin 

methoxy 

Natural  polyphenol  isolated  from 
the  root  of  Curcuma  longa 

Antitumor,  antioxidant, 
antiamylodin,  antiplatelet 
aggregation,  and  antiinflammatory 

Poly(ethylene 

glycol)- 

palmitate 

41.43 

Camptothecin 

Cytotoxic  quinoline  alkaloid 
isolated  from  bark  and  stem  of 
the  oriental  tree  Camptotheca 
acuminate 

Used  in  the  treatment  of  gastric, 
rectum,  bladder,  colon,  lung,  breast, 
and  ovarian  cancers 

Glycol 

chitosan 

280-330 

Hypericin 

Anthracene  glycoside  occurring  in 
Hypericum  perforatum 

Photosensitizer  used  in 
photochemotherapy 

Polylactic 

acid/ 

polylactic  co- 
glycolic  acid 

200-300 

Plant  extract 
of  Ziziphus 
mauritiana 

Plant  extract  of  Ziziphus 
mauritiana 

Immunomodulatory  activity 

Chitosan 

150 

gpl20  peptide,  IIF-2,  and  growth  hormone;  cellulose  derivatives  for  delivery  of  TGF-D1, 
aFGF;  gelatin  for  delivery  of  IFNa,  insulin,  albumin,  IFN,  and  vasopressin;  pluronic  poly¬ 
ols  for  delivery  of  BSA,  IL-2,  urease,  natriuretic  factor,  TGF-Pi;  poly(cyanoacrylates)  for 
delivery  of  insulin,  growth  hormone-releasing  factor,  calcitonin  antibody;  poly  (ethylene 
glycol)  for  delivery  of  IL-2,  G-CSF,  BSA,  bone  morphogenetic  protein,  immunoglobulin. 
Pseudomonas  exotoxin;  poly[(hydroxypropyl)  methacrylamide]  for  delivery  of  transferring 
and  antibodies;  poly(vinyl  alcohol)  cytochrome  c,  myoglobin,  somatotropin,  albumin  and 
poly(vinylpyrrolidone)  for  delivery  of  chymotrypsin,  etc.  (Shit  and  Shah,  2014). 


4*6*4  Polymer  siRNA  Conjugate 

There  are  several  diseases  like  cancer,  neurodegenerative  disorders,  infectious  diseases, 
and  many  more  that  can  be  better  managed  by  selective  silencing  of  gene  expression  by 
small  interference  RNA  (siRNA),  which  holds  even  more  potential  (Maheshwari  et  al., 
2017).  But  such  therapy  model  has  its  limitations  due  to  availability  or  limited  availability 
of  carrier  for  delivery  of  siRNA  to  the  target  cell  (Kumar  Tekade  et  al.,  2015).  There  are 
various  systems  like  antibody-protamine  fusion  proteins,  aptamer-siRNA  chimeras,  cho¬ 
lesterol  and  folate-siRNA  conjugates,  etc.  that  are  available  for  the  delivery  of  siRNA  but 
still,  all  of  these  have  several  limitations  like  degradation  of  siRNA,  immunogenic 
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response,  and  cytotoxicity  (Maheshwari  et  al.,  2015a).  Mistargeting  is  another  major  limita¬ 
tion  faced  by  such  nanocarriers.  But  these  problems  can  be  sorted  out  with  the  delivery  of 
siRNA  using  an  antibody  coated  polymeric  conjugate  system.  Lu  et  al.  have  developed 
such  a  system  using  Mutant  S202-pAcF  Fab  and  Q389-pAcF  IgG  polymer  conjugates  for 
targeted  delivery  of  siRNA  without  facing  any  interference  (Sarisozen  et  al.,  2015). 


4*6*5  Polymers  Used  to  Regulate  miRNA 

Polymeric  systems  that  are  analogous  to  nucleic  acids  may  have  better  stability,  affinity, 
and  binding  towards  target  nucleic  acids  rather  than  the  conventional  DNA-  or  RNA- 
based  antisense  oligonucleotides  delivery  approach.  Phosphorodiamidate  morpholino  oli¬ 
gomers  (PMO)  and  peptide  nucleic  acids  (PNA)  are  the  two  major  such  analogs  used  for 
blocking  the  activity  of  miRNA  (considered  to  be  the  target  molecules  due  to  their  ability 
to  regulate  several  biological  processes)  (Tyagi  et  al.,  2016).  Cheng  et  al.  have  prepared 
cell-penetrating  peptide-coated  nanoparticles  using  biodegradable  polymer  for  the  deliv¬ 
ery  of  chemically  modified  oligonucleotide  analogs  to  block  the  activity  of  the  oncogenic 
microRNA,  miR-155  (Cheng  and  Saltzman,  2012). 


4*6*6  shRNA 

shRNA  stands  for  short/small  hairpin  RNA,  which  is  a  contrived  RNA  molecule  hav¬ 
ing  a  turn  like  a  hairpin,  which  may  be  used  to  silence  target  gene  expression  via  RNA 
interference  (RNAi).  shRNA  expression  in  cells  is  typically  accomplished  by  delivery 
through  viral  or  bacterial  vectors.  Kim  et  al.  have  developed  a  biodegradable  polymer 
[poly(CBA-DAH)]  conjugated  with  RGD  for  the  delivery  of  shRNA  expressed  oncolytic 
adenovirus  against  interleukine-8  messenger  RNA  (Dow  et  al.,  2012). 


4*6*7  Oligonucleotides 

The  challenges  in  oligonucleotide-based  delivery  are  to  situate  it  to  a  specific  site  of 
action  in  the  cytosol  or  nucleus  of  cells  situated  within  tissues.  Basically,  this  involves  two 
hurdles:  first,  to  transmit  the  oligonucleotide  to  the  targeted  tissue;  and  second,  to  transmit 
it  to  the  precise  intracellular  compartment.  The  delivery  problem  can  be  usefully  consid¬ 
ered  in  terms  of  barriers  to  the  movement  of  oligonucleotides  within  the  body.  These  bar¬ 
riers  depend  on  the  chemical  and  physical  properties  of  the  oligonucleotide.  Various 
categories  of  polymeric  material  studied  aim  to  provide  successful  delivery  of  the  oligonu¬ 
cleotide,  for  example,  ligand-targeted  cyclodextrin-based  polymeric  nanoparticle,  poly(lac- 
tic-co-glycolic  acid),  polyethyleneimine  (PEI),  polyamidoamines,  PEG,  etc.  (Shahbazi  et  al., 
2016). 

4*6*8  DNA 

There  are  several  polymeric  delivery  systems  that  have  been  prepared  to  date  having  the 
ability  to  get  condensed  and  protect  the  nucleic  acid,  however,  these  polymeric  vehicles  have 
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certain  drawbacks  related  to  the  poor  biocompatibility  and  limited  efficiency  of  transfection. 
But  at  the  same  time  studies  also  reveal  that  such  limitation  can  be  overcome  by  modifying 
the  cationic  polymers  with  PEG.  It  has  also  been  noted  that  the  conjunction  of  the  cationic 
polymer  system  with  PEG  may  also  have  a  tendency  to  reduce  cytotoxic  behavior  of  the 
polymer/DNA  complex.  The  increment  in  the  solubility  behavior  of  DNA/polymer  complex 
and  shielding  of  excess  positive  charges  of  polymer/DNA  complex,  responsible  for  the 
reduction  of  interaction  between  the  polymer/DNA  complex  and  blood  components,  are 
some  other  major  advantages  of  such  conjugates  (Ibraheem  et  al.,  2014).  Lee  et  al.  have 
reported  the  conjugated  system  of  a  fusogenic  peptide,  KALA  with  PEI,  further  coated  with 
PEG  with  high  transfection  ability.  Use  of  intelligent  antisense  reagent  having  E  oligodeoxy- 
nucleotides  (ODN)  and  thermoresponsive  polymer,  poly(AMsopropylacrylamide)  (PNIPA) 
may  be  another  alternative  to  deliver  the  DNA  in  an  effective  manner  (Lee  et  al.,  2001). 


4*7  MODERN  POLYMERS  FOR  MODIFIED  RELEASE: 
POLYMERS  FOR  THE  2 1ST  CENTURY 


4*7*1  Molecular ly  Imprinted  Polymers 

These  are  artificial  polymeric  structures  prepared  by  molecular  imprinting  technology 
in  such  a  way  that  they  have  the  ability  to  recognize  different  biomolecules  as  well  as  the 
biological  structure  and  may  have  specific  affinity  to  that  particular  structure.  These  poly¬ 
mers  are  designed  in  such  a  way  that  they  have  a  specific  group  according  to  the  target 
structure  that  is  able  to  form  a  hydrogen  bond  and  that  also  shows  dipole— dipole  and 
ionic  interaction.  In  this  way,  these  polymers  have  high  selectivity  and  affinity  towards 
the  target  structure  (Kempe  et  al.,  2015). 

These  imprinted  polymers  sometimes  show  similar  structure  to  the  biomolecules  (pro¬ 
tein,  amino  acid,  etc.)  but  in  physical  strength,  they  have  higher  stability,  robustness,  and 
show  resistance  toward  different  environmental  and  biological  conditions.  These  polymers 
are  also  cost-effective  due  to  the  low  cost  of  synthesis  and  storage  conditions. 

To  date,  MIPs  have  been  used  for  chromatographic  techniques,  separation,  as  catalysts, 
etc.  with  specific  use  in  the  development  of  drug  delivery  systems  (Beyazit  et  al.,  2016). 

Norell  et  al.  first  reported  the  use  of  MIP  in  a  drug  delivery  system  for  sustained  deliv¬ 
ery  of  theophylline  by  preparing  theophylline-imprinted  polymer  by  noncovalent 
approach  (Norell  et  al.,  1998).  Similarly,  Allender  et  al.  have  used  methacrylic  acid  (MAA) 
as  a  functional  monomer  for  preparing  MIPs  for  propranolol  (a  (3-adrenergic  antagonist) 
and  reported  slower  release  of  the  drug  for  a  longer  duration  from  the  MIP  in  comparison 
to  drug  release  from  the  nonimprinted  polymer.  They  also  reported  the  use  of  MIPs  hav¬ 
ing  histamine  and  ephedrine,  which  mimics  the  structure  and  activity  of  the  biological 
receptor  (Allender  et  al.,  2000). 


4*7*2  Endosomolytic  Polymers 

These  are  polymeric  systems  with  the  ability  to  break  the  endosomal  system  during 
their  internalization  while  transporting  drug  or  gene  to  the  cellular  system.  Studies  show 
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that  transfection  is  the  most  important  barrier  during  the  delivery  of  genes  by  nonviral  or 
polymeric  vectors.  But  peptides  have  shown  their  ability  to  pass  this  barrier  making  them 
more  valuable  for  the  delivery  of  genes.  But  sometimes,  the  inherent  immunogenic  ten¬ 
dency  of  peptides  has  drawn  the  attention  of  researchers  towards  the  use  of  polymeric 
vectors  that  may  have  similar  endosomolytic  activity  as  peptides  but  do  not  show  any 
immunogenic  property.  At  present  there  are  several  polymers  that  have  been  developed 
that  have  endosomolytic  activity  and  can  be  used  for  delivery  of  genetic  material  and  may 
be  a  better  alternative  for  both  viral  and  nonviral  vectors  (Ahmad  et  al.,  2015).  Some  com¬ 
mon  examples  of  these  polymers  are  poly(amidoamine)s  (PAAs),  many  cationic  polymers 
such  as  poly(L-lysine),  polyethyleneimine,  polybrene,  poly(amidoamine)  (PAMAM)  den- 
drimers,  low  molecular  weight  chitosans,  etc.  But  poly(amidoamine)s  (PAAs),  among  all 
the  above-mentioned  polymers,  should  be  preferred  due  to  their  relatively  very  low  toxic¬ 
ity  and  pH-dependent  activity  (Gajbhiye  et  al.,  2009a,b;  Prajapati  et  al.,  2009;  Tekade  et  al., 
2009a,  2008;  Wilson  et  al.,  2015). 


4*7*3  Copolymers  With  Desirable  Hydrophilic/Hydrophobic  Interactions 

As  the  name  indicates,  these  copolymers  have  two  different  polymers  in  the  form  of  the 
block  copolymer.  One  polymer  molecule  in  this  form  has  hydrophilic  character  and  other 
has  a  hydrophobic  group  and  can  be  used  for  different  purposes  like  enzyme  immobiliza¬ 
tion,  controlled  release,  microencapsulation,  etc.  Wesley  et  al.  have  prepared  a  copolymer 
having  hydrophilic-hydrophobic  diblock  of  poly[2-(dimethylamino)-ethyl  methacrylate] 
(PDMAEMA)  and  poly(methyl  methacrylate)  (PMMA)  (Wesley  et  al.,  2005). 


4*7*4  Complexation  Networks  Responding  via  Hydrogen  or  Ionic  Bonding 

These  are  a  special  class  of  hydrogels  that  have  to  crosslink  through  noncovalent  inter¬ 
action  such  as  hydrogen  or  ionic  bonding.  P(MAA-g-EG)  is  a  suitable  example  of  such 
copolymer,  which  is  prepared  by  the  noncovalent  cross-linking  of  PEG  grafted  on  a  poly 
(methacrylic  acid)  (PM  A  A).  This  copolymer  is  prepared  by  the  interaction  of  two  different 
types  of  polymer  leading  to  the  pH-independent  behavior  of  the  copolymer.  Studies  on 
similar  copolymers  also  show  better  swelling  capacity  due  to  dissociation  of  hydrogen 
bonds  present  at  neutral  pH  (Webber  et  al.,  2016). 


4*7*5  Dendrimers  or  Star  Polymers  as  Nanoparticles  for  Immobilization 
of  Enzymes,  Drugs,  Peptides,  or  Other  Biological  Agents 

Dendrimers  are  a  special  class  of  highly  branched,  three-dimensional,  monodisperse 
nanoscopic  macromolecules.  The  name  dendrimer  was  devised  due  to  its  highly  branched 
structure  just  like  a  tree  (in  Greek,  the  word  dendrons  means  tree).  In  recent  years,  dendri¬ 
mers  have  achieved  tremendous  popularity  due  to  their  ability  to  be  used  in  different 
areas  like  delivery  of  therapeutics,  targeting  of  therapeutics,  or  diagnosis.  These  highly 
branched  structures  are  divided  into  different  generations  (Soni  et  al.,  2017;  Dhakad  et  al., 
2013;  Dwivedi  et  al.,  2013;  Jain  and  Tekade,  2013).  Dendrimers  have  inner  core  moiety 
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covered  by  the  radially  attached  generations  in  a  different  layer  having  chemical  func¬ 
tional  groups  at  the  exterior  terminal  surface.  As  the  generation  (layering)  increases,  it 
leads  to  the  higher  molecular  weight  with  higher  weight.  Polyamidoamines  (PAMAMs) 
were  reported  to  be  the  first  dendrimer.  In  comparison  to  traditional  polymers,  dendri- 
mers  have  drawn  much  attention  from  the  formulation  science  community  because  of 
their  high  solubility  in  water,  compatibility  with  biological  systems,  polyvalent  characteris¬ 
tics,  and  precise  molecular  weight,  which  make  them  a  very  suitable  material  for  the 
development  of  various  formulations  (Sharma  et  al.,  2015). 


4*7*6  New  Blends  of  Hydrocolloids  and  Carbohydrate-Based  Polymers 

Hydrocolloids  and  carbohydrate-based  polymers  have  been  used  for  several  decades 
but  alone,  such  materials  have  several  limitations  such  as  low  mechanical  strength,  poor 
film  formation,  and  lower  gelling  capacity.  However,  whenever  these  polymers  are  com¬ 
bined  with  each  other  in  optimized  ratio,  the  above  shortcomings  of  the  individual  poly¬ 
mers  may  be  eliminated  and  can  be  successfully  and  effectively  used  in  the  development 
of  various  controlled  and  sustained  release  drug  delivery  systems  (Dickinson,  2017). 
Mendes  et  al.  have  mentioned  in  their  work  that  starch  alone  is  hydrophilic  but  brittle 
with  poor  mechanical  strength  and  these  two  properties  could  be  modified  in  a  positive 
direction  by  making  the  blend  of  other  hydrophilic  polymers  with  starch.  They  prepared  a 
blend  of  starch  and  chitosan  by  melt  extrusion  and  reported  that  this  blend  has  better 
thermal  stability  and  successfully  can  be  used  in  packaging  (Mendes  et  al.,  2001). 


4*8  CONCLUSION 


Polymers  have  been  a  point  of  interest  for  formulation  scientists  since  their  first  appear¬ 
ance.  Various  diffusion-  and  dissolution-controlled  formulations  have  been  developed  to 
date  and  medical  science  is  experiencing  positive  and  fast  change  in  this  regard.  Use  of 
polymer  systems  for  the  delivery  of  therapeutics,  bioactive  materials,  and  even  genetic 
material  has  minimized  several  issues  to  a  great  extent  like  bioavailability  problems,  high 
dosing  frequency,  environmental  and  biological  instability,  etc.  At  the  same  time  use  of 
smart  polymers  has  set  a  new  paradigm  for  the  targeted  delivery  but  still,  studies  show 
that  there  are  numerous  factors  that  need  to  be  controlled  for  preparing  effective  systems 
with  minimal  hazard.  Still,  polymer  science  is  moving  through  a  transition  phase  and  sev¬ 
eral  more  issues  related  to  the  controlled,  sustained,  and  targeted  delivery  must  still  be 
addressed;  what's  more,  studies  show  that  the  near  future  will  definitely  be  instrumental 
for  the  development  of  new  polymers,  which  can  be  seen  in  the  development  of  molecu- 
larly  imprinted  polymers. 
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Abbreviations 

ADH 

adipic  dihydrazide 

Ara-AMP 

adenine  arabinoside  monophosphate 

BSA 

bovine  serum  albumin 

CAB 

cellulose  acetate  butyrate 

CAP 

cellulose  acetate  phthalate 

CDDS 

controlled  drug  delivery  system 

CE 

cholesterol  esterase 

CD  44 

cluster  determinant  44 

CMCh 

carboxymethyl  chitosans 

CNV 

choroidal  neovascularization 

Fg 

fibrinogen 

GRAS 

generally  regarded  as  safe 

HA 

hyaluronic  acid 

hIGF-I 

insulin-like  growth  hormone-I 

HPMC  HME 

hydroxypropyl  methylcellulose(hot  melt  extruded) 

HPMC 

hydroxypropyl  methylcellulose 

HPMCAS 

hydroxypropyl  methylcellulose  acetate  succinate 

HPMCP 

hydroxypropyl  methylcellulose  phthalate 

IFNb 

human  interferon 

LCPC 

low  crystalline  powdered  cellulose 

LCST 

lower  critical  solution  temperature 

MCC 

microcrystalline  cellulose 

MEC 

minimum  effective  concentration 

MIP 

molecularly  imprinted  polymers 

miRNA 

miRNA 

MPCS 

5-methyl  pyrroli-dinonechitosan 

MTC 

maximum  therapeutic  concentration 

NIPAM 

N-isopropylacrylamide 

NSAIDS 

non-nonsteroidal  anti-antiinflammatory  drugs 

ODN 

oligodeoxynucleotides 

ODS 

osmotically  driven  systems 

P2VP 

poly(2-vinyl  pyridine) 

PAA 

poly(acrylic  acid) 

PAA 

poly(amidoamine) 

PAMPS 

poly(2-acrylamido-2-methylpropane  sulfonic  acid) 

PBA 

phenylboronic  acid 

PC 

powdered  cellulose 

PCL 

poly-e-caprolactone 

p(CPP-SA) 

1 ,3-bis-p-carboxyphenoxypropane-co-sebacic  acid 

PDEA 

poly[(2-diethylamino)  ethyl  methacrylate] 

PDLA 

poly(D-lactic  acid) 

PDMAEMA 

poly(2-(dimethylamino)-ethyl  methacrylate) 

PDO 

polydioxanone 

PDPA 

poly[(2-diisopropylamino)  ethyl  methacrylate] 

PEG 

polyethylene  glycol 

PEU 

poly(ether-urethane) 
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PHB 

PHEMA 

PLA 

PLLA 

PMAA 

PMMA 

PMO 

PNA 

PNIPA 

POE 

POEGTMA 

PPS 

PVA 

PVP 

RGD 

RHAMM 

SDDS 

SEPM 

shRNA 

siRNA 

TDDS 

TPP 

TPU 

UCST 


polyhydroxybutyrate 

poly(2-hydroxyethyl  methacrylate) 

polylactic  acid 

poly(L-lactic  acid) 

poly  methacrylic  acid 

poly(methyl  methacrylate) 

phosphorodiamidate  morpholino  oligomers 

peptide  nucleic  acids 

poly(AMsopropylacrylamide) 

polyorthoesters 

poly(oligo(ethylene  glycol)thiomalicate) 

poly(propylene  sulfide) 

poly(vinyl  alcohol) 

poly(IV-vinyl  pyrrolidone) 

arginine-glycine-aspartic 

receptor  for  hyaluronate-mediated  motility 

sustained  drug  delivery  system 

poly(styrene-b-(ethylene-alt-propylene)-b-(methyl  methacrylate)) 

short/ small  hairpin  RNA 

small  interference  RNA 

transdermal  drug  delivery  system 

tri-polyphosphate 

thermoplastic  polyurethane 

upper  critical  solution  temperature 
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5.  COPOLYMERS  AND  BLOCK  COPOLYMERS  IN  DRUG  DELIVERY  AND  THERAPY 


5*1  INTRODUCTION  TO  POLYMERS,  COPOLYMERS,  AND  BLOCK 
COPOLYMERS  IN  DRUG  DELIVERY 


Polymers  in  the  21st  century  have  found  wide-ranging  utility  in  drug  delivery  and 
represent  an  indispensable  material  for  the  manufacturing  and  designing  of  most  of  the 
advanced  pharmaceutical  products  available  in  the  market.  Explanations  for  this  include 
its  surface  action  and  availability  in  a  variety  of  types.  Numerous,  diverse  kinds  of  poly¬ 
mers  have  been  established  for  drug  delivery.  Polymers  developed  by  joining  similar  small 
molecules,  or  monomers,  repeatedly,  are  called  homopolymers.  Whereas,  if  two  dissimilar 
types  of  monomers  are  connected  by  forming  a  polymeric  chain,  the  compound  is  called  a 
copolymer  (Feng  et  al.,  2017).  Copolymers  are  further  divided  into  alternate  and  random 
copolymers.  Moreover,  if  the  two  monomers  are  organized  in  an  alternating  manner,  the 
product  is  known  as  an  alternating  copolymer  (here  the  ratio  of  two  different  polymers 
must  be  1:1),  whereas,  if  the  ratio  of  different  monomers  is  not  fixed  and  they  are  arranged 
in  any  random  order,  the  product  is  a  random  copolymer.  The  classifications  of  different 
types  of  polymer  are  shown  in  Fig.  5.1. 

The  copolymer  is  an  outcome  of  a  combination  of  the  characteristics  of  the  monomers 
such  as  the  polymerization  conditions  and  the  conversion  of  the  polymerization.  For 
instance,  sometimes  two  monomers  contain  similar  reactivity  to  another  reacting  monomer 
or  comprise  similar  reactivity  with  each  other  when  both  are  not  found  equally  in  the 
polymeric  chain.  Therefore,  a  monomer  with  greater  reactivity  should  be  added  in  larger 
quantity  to  obtain  an  equal  portion  of  both  monomers  in  the  polymeric  chain  (Chen  et  al., 
2009).  Sometimes  two  monomers  contain  a  different  extent  of  same  reactivity  and  if  their 
portion  in  copolymers  were  not  found  equal  than  the  more  reactive  monomer  will  take  in 
a  larger  portion  than  the  less  reactive  one. 


FIGURE  5.1  Classification  of  different  types  of  available  polymer  based  on  their  structure,  molecular  force, 
source,  and  polymerization. 
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As  the  reaction  proceeds,  a  monomer  that  is  more  reactive  is  utilized  more  or  quicker 
than  the  less  reactive  one.  However,  sometimes  the  more  reactive  monomer's  concentra¬ 
tion  would  be  less  compared  with  the  less  reactive  monomer,  therefore  during  polymeri¬ 
zation,  after  the  consumption  of  the  more  reactive  polymer,  the  consumption  of  the  less 
reactive  polymer  starts.  Moreover,  the  ratio  or  proportion  of  more  reactive  and  less 
reactive  monomers  can  be  confirmed  using  Fourier  transform  infrared  (FT-IR)  and  nuclear 
magnetic  resonance  (NMR)  techniques  (Sperling,  2005). 

Sometimes,  the  B  monomeric  chain  is  grafted  onto  the  chain  of  monomer  A  and  the 
compound  is  called  a  graft  copolymer  (Fig.  5.2).  Most  importantly,  block  copolymers, 
consisting  of  blocks  of  two  or  several  polymers,  have  been  found  to  be  useful  in  drug 
delivery  (Jenkins  and  Hudson,  2001;  Raval  et  al.,  2018).  For  example,  widely  utilized  poly¬ 
mers  within  the  drug  delivery  context  are  poly(ethylene  oxide)-poly(propylene  oxide) 
block  copolymers,  which  are  commercially  obtainable  in  a  range  of  molecular  masses  and 
arrangements  (Kripotou  et  al.,  2016). 

A  characteristic  feature  of  polymers  utilized  in  drug  delivery  is  biodegradation. 
Biodegradation  of  polymers  depends  on  the  rate  of  degradation  and  control  of 
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FIGURE  5.2  Diagrammatic  representation  of  homopolymer,  random  polymer  or  statistical  polymer,  block 
copolymer,  graft  copolymer. 
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biodegradation  achieved  through  polymer  composition  and  structure  of  polymers,  for 
example,  poly  (lactic  acid)  (PL  A)  or  poly(glycolic  acid)  (PLGA).  Polysaccharides  are  a 
different  class  of  polymer  also  widely  utilized  in  drug  delivery  approaches  (Eslahi  et  al., 
2016).  Similarly,  numerous  polymers  are  utilized  for  the  varying  use  which  are  as  listed 
below  in  Table  5.1. 


TABLE  5.1  List  of  Polymers 

With  Their  Monomer  Structure  and  Uses 

Name(s) 

Monomer 

Uses 

Polyethylene  low  density 
(LDPE) 

Ethylene  CH2=CH2 

Used  in  film  wrap,  plastic  bags 

Polyethylene  high  density 
(HDPE) 

Ethylene  CH2=CH2 

Used  in  electrical  insulation  bottles,  toys 

Poly  (vinyl  chloride)  (PVC) 

Vinyl  chloride  CH2=CHC1 

Used  in  pipes,  siding,  flooring,  etc. 

Polypropylene 

Ethylene  CH2=CH2 

Most  bottle  tops 

Poly(vinylidene  chloride) 

(Saran  A) 

Vinylidene  chloride  CH2=CC12 

Used  in  seat  covers,  films  etc. 

Polystyrene  (PS) 

Styrene  CH2=CHC6H5 

Used  in  toys,  cabinets  packaging  etc. 

Polyacrylonitrile  (PAN,  Orion, 
Acrilan) 

Acrylonitrile  CH2=CHCN 

Used  in  rugs,  blankets  clothing,  etc. 

Polytetrafluoroethylene  (PTFE, 
Teflon) 

Tetrafluoroethylene  CF2=CF2 

Used  in  nonstick  surfaces,  electrical 
insulation 

Poly  (vinyl  acetate)  (PVAc) 

Vinyl  acetate  CH2=CHOCOCH3 

Used  in  latex  paints,  adhesives,  etc. 

czs-Polyisoprene  natural 
rubber 

Isoprene  CH2=CH-C(CH3)=CH2 

Requires  vulcanization  for  practical  use 
and  vulcanized  rubber  is  used  in  tires,  etc. 

Polychloroprene  ( cis  +  trans) 
(Neoprene) 

Chloroprene  CH2=CH-CC1=CH2 

It  is  a  synthetic  rubber  and  is  oil  resistant 
so  used  in  mats,  etc. 

Xanthan  gum 

Polysaccharide 

For  the  preparation  of  a  suspension  of 
better  quality  used  as  thickener,  stabilizer, 
emulsifier 

Acacia 

Plant  acacia  Senegal  wild 

Suspending  and  emulsifying  agent  and  as 
a  tablet  binder 

Agar 

Vegetable  gelatin 

Emulsifying,  suspending,  stabilizing, 
gelling  agent  and  bulk  laxative 

Carrageenan 

Red  seaweeds 

Dissolution  rate  enhancing  polymer  for 
sustain  release  dosage  form 

Sterculia  gum 

Sterculia  urens  Roxb.  branched 
polysaccharide 

Use  in  lozenges,  dental  fixative  pastes 

Gelatin 

Collagen 

Use  in  preparation  of  pates,  suppositories, 
a  coating  of  the  tablet,  hard  and  soft 
gelatin  capsules 

( Continued ) 
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TABLE  5.1  (Continued) 

Name(s) 

Monomer 

Uses 

Chitosan 

Deacetylation  of  chitin 

Use  as  a  novel  drug  carrier,  enhance 
dissolution,  for  controlled  release  matrix 
tablet,  a  coating  of  the  tablet,  gel-forming 
agent,  mucoadhesive  formulation 

Cellulose 

Polysaccharide  (3(1  — ►  4)  linked  d- 
glucose 

Use  as  diluent,  binder,  film  coating,  and 
wound  dressing 

Starch 

Carbohydrate 

Utilize  in  packaging,  containers,  mulch 
films,  textile  sizing  agents,  adhesives 

Inulin 

Polysaccharide 

High  degree  of  polymerization  of  inulin 
was  used  to  prepare  biodegradable  colon- 
specific  films  in  the  combination  with 
Eudragit  RS  that  could  withstand 
breakdown  by  gastric  and  intestinal  fluids 

Guar  gum 

Natural  polysaccharide 

Using  the  delivery  system,  transdermal 
formulation,  for  colon  delivery 

Alginate 

Polysaccharide  from  brown 
seaweed 

Mucoadhesive  controlled  drug  delivery 
preparation 

Polypyrrole  (PPy) 

Pyrrole 

Biosensors,  antioxidants,  drug  delivery, 
neural  prosthetics,  cardiovascular 
applications,  and  tissue  engineering 

Polyaniline 

Aniline 

Biosensors,  antioxidants,  drug  delivery, 
bioactuators,  food  industry,  conductive 
fiber,  and  tissue  engineering 

Polythiophenes 

Thiophenes 

Biosensors,  food  industry,  and  tissue 
engineering 

Poly(3,4-ethylene 

dioxythiophene) 

Thiophenes 

Antioxidants,  drug  delivery,  and  neural 
prosthetics 

Collagen 

Amino  acid 

Wound  healing,  tissue  engineering,  and 
hemostatic  agent 

Poly(e-caprolactone) 

e-Caprolactone 

Cosmetic  use  and  drug  delivery  carrier 

Polylactic  acid 

Lactic  acid 

Tissue  engineering,  drug  delivery  carrier 

Polydioxanone 

Dioxanone 

Cardiac  tissue  replacement 

Poly(lactic-co-glycolic  acid) 

Glycolic  acid  and  lactic  acid 

Fabrication  of  many  medical  devices,  such 
as  grafts,  sutures,  implants,  prosthetic 
devices,  surgical  sealant  films,  micro,  and 
nanoparticles 

Hyaluronic  acid 

D-Glucuronic  acid  and  N-acetyl-D- 
glucosamine 

Tissue  repair,  to  create  artificial  tears  to 
treat  dry  eye,  nanoparticle  preparation,  a 
common  ingredient  in  skin-care  products 
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5.2  IMPORTANCE  OF  COPOLYMERS  AND  BLOCK  COPOLYMERS  IN 

DRUG  DELIVERY  SCIENCE 


Several  significant  therapeutic  substances  display  less  solubility  in  water,  making 
delivery  of  these  therapeutic  agents  somewhat  challenging.  The  development  of  effective 
delivery  systems  is  crucial  to  the  success  of  future  drugs,  which  may  comprise  superior 
and  extra  sophisticated  artificial  materials  along  with  multifaceted  natural  compounds. 
Utilization  of  polymers  for  therapeutics  delivery  is  termed  as  polymer  therapeutics  and 
includes  polymer  and  drug  conjugates,  polymer  and  protein  conjugates,  covalently 
conjugated  drugs  with  a  polymer  such  as  in  micelles;  a  multi-ionic  component  such  as  a 
polyplex  could  make  nonviral  vectors  (Prabhu  et  al.,  2015;  Tambe  et  al.,  2017). 

Polymers  or  copolymers  as  a  complex  control  the  solubility  of  the  drug  and  are  also  uti¬ 
lized  for  protein  and  gene  delivery  (Maheshwari  et  al.,  2017).  Different  types  of  tailored 
copolymers  are  applicable  for  targeting  normal  as  well  as  diseased  tissues  by  means  of 
innovative  polymeric  chemistry.  Moreover,  nanotherapeutics  are  mostly  utilized  for  novel 
chemical  delivery  systems  over  conventional  systems  in  which  solubility  and  release  could 
be  easily  modified  through  copolymeric  conjugation  (Tekade  et  al.,  2017). 

Copolymers  or  block  copolymeric  structures  (e.g.,  micelles  and  targeting  vector)  are 
able  to  load  biologically  active  molecules.  Moreover,  several  polymer  and  drug  conjugates 
or  polymer  and  protein  conjugates  are  under  clinical  investigation  and  some  are  on  the 
market  (Genexol-PM,  a  paclitaxel-loaded  polymeric  micelles  formulation  currently  mar¬ 
keted  in  Europe  and  Korea).  These  drug-copolymeric  components  can  be  utilized  for 
targeting  a  specific  cell,  regulation  of  intracellular  trafficking,  as  well  as  localization  in  the 
nucleus  (Movassaghian  et  al.,  2015).  Numerous  polymeric  architects  such  as  a  multivalent 
polymers,  branched  copolymers,  graft  polymers,  dendrimer-polymer,  dendron-polymer 
conjugates,  star  polymers,  and  hybrid  glycol-based  polymers  are  widely  utilized  in  thera¬ 
peutics  as  well  as  a  diagnosis  (Soni  et  al.,  2017;  Tekade  et  al.,  2015). 

Polymers  can  be  synthesized  differently  as  linear,  randomly  coiled  polymers  and  can 
also  be  modified  according  to  the  application  requirement.  Polymers  for  this  purpose 
mainly  involve  synthetic  polymers  such  as  PEG,  N-(2-hydroxypropyl)  methacrylamide 
copolymers  (HPMA)  (Alfurhood  et  al.,  2017),  poly(vinylpyrrolidone)  (PVP)  (Teodorescu 
and  Bercea,  2015),  poly(ethyleneimine)  (PEI)  (Essex  et  al.,  2015),  linear  polyamidoamines 
(Mohammadifar  et  al.,  2015);  natural  polymers  such  as  dextran  (a-1,6  polyglucose),  dextrin 
(a-1,4  poly  glucose)  (Ceschan  et  al.,  2015),  hyaluronic  acid  (Han  et  al.,  2015),  chitosan 
(Maheshwari  et  al.,  2015b);  and  pseudosynthetic  polymers,  such  as  tailored  poly(amino 
acids)  poly(L-lysine),  poly(glutamic  acid)  (PGA),  poly(malic  acid),  and  poly(aspartame) 
(Aderibigbe,  2015). 


5.3  TYPES  OF  COPOLYMERS 


5.3.1  Statistical  or  Random  Polymers 

When  the  distribution  of  the  monomer  in  the  polymer  is  in  a  sequential  manner,  it  is 
known  as  a  statistical  copolymer.  For  instance,  the  monomer  arrangement  might  obey 
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statistics  of  Markovian  of  zero  (Bernoullian),  first,  second,  or  higher  order.  Sometimes,  the 
fundamental  process  of  kinetics  leads  to  a  formation  of  the  uniform  sequential  arrange¬ 
ment  of  the  monomer,  but  it  may  not  always  follow  the  same  probability  of  the  statistical 
copolymer  (Engler  et  al.,  2016). 

Here,  the  formation  of  the  statistical  polymeric  arrangement  is  achieved  through  alter¬ 
ation  in  the  monomer  or  gathering  of  monomeric  units,  etc.  More  simply,  copolymeriza¬ 
tion  of  two  monomers  could  be  arranged  by  their  numerical  distribution  or  based  on  their 
reactivity  (Stirling  et  al.,  2018).  The  term  "statistical  copolymer"  is  intended  to  embrace  a 
large  proportion  of  those  copolymers  that  are  prepared  by  simultaneous  polymerization  of 
two  or  more  monomers  in  an  admixture  (Stirling  et  al.,  2018). 

The  statistical  distribution  of  monomers  from  the  polymer  can  be  exemplified  using 
(A-s-B)  or  (A-s-B-s-C).  Where  suppose  A,  B,  and  C  are  three  different  polymers  and  -s- 
designates  a  statistical  categorization  with  respect  to  these  polymers.  Individual  polymeric 
monomer  units  as  a  known  polymeric  unit  are  also  referred  to  as  poly(A-s-B),  poly(A-s-B- 
s-C),  etc.,  such  as  poly(styrene-s-butadiene),  poly(styrene-s-acrylonitrile-s-butadiene) 
(Wang  et  al.,  2016).  Moreover,  statistical  copolymers  necessitate  the  average  of  the  mono¬ 
mer  chain  length,  a  sequence,  and  the  composition  of  the  monomer,  which  can  be  detected 
through  NMR  (Soteros  and  Whittington,  2004). 

If  two  or  more  kinds  of  monomer  are  settled  in  a  random  manner,  it  is  known  as  a  ran¬ 
dom  copolymer.  This  is  also  an  example  of  quenched  randomness.  The  arrangement  of  the 
monomeric  unit  is  identified  through  a  random  procedure,  however,  once  it  is  identified, 
it  is  fixed.  However,  the  monomeric  unit  arrangement  could  not  be  altered  irrespective  of 
particular  chemical  reaction.  On  the  other  hand,  dissimilar  molecules  of  polymer  would 
have  a  different  arrangement  of  monomers.  Moreover,  the  properties  of  the  different  poly¬ 
meric  chain  will  hinge  on  its  sequence  of  the  monomer  as  well  as  another  polymer  mono¬ 
meric  sequence.  For  the  determination  of  its  physical  properties,  the  monomer  sequence 
must  be  taken  into  consideration  (Vanderwoude,  2016). 

Furthermore,  Lee  et  al.  developed  copolymeric  films  considering  grafting  density  of  a 
random  copolymer,  poly(styrene-r-methylmethacrylate)  on  polystyrene-b-poly(methyl 
methacrylate)  (PS-b-PMMA),  which  is  perpendicularly  arranged.  Varying  the  substrate, 
the  thickness  of  the  perpendicular  lamella  was  determined  by  using  scanning  force 
microscopy,  and  it  was  found  that  the  prepared  random  polymer  gave  additional  adapt¬ 
abilities  to  control  interfacial  interactions  (Lee  et  al.,  2017). 


5*3*2  Alternative  Copolymers 

An  alternating  copolymer  comprises  two  dissimilar  replicated  components  that 
substitute  in  an  arrangement  in  the  polymeric  chain.  A  uniformity  in  the  repetition  of 
fundamental  components  of  the  polymer  is  probable  when  two  different  monomers 
employ  more  inclination  to  respond  with  each  other,  such  as  in  a  quasi-alternating  copoly¬ 
mer  (Wang  et  al.,  2015).  Fang  et  al.  prepared  an  alternative  copolymer  consisting  of 
fluorene  and  triphenylamine  with  — CHO  and  4-[N,  N-di(4-bromophenyl)  amino]  benzal- 
dehyde  with  9,9-dioctylfluorene-2,7-bis(trimethyleneborate)  (Fang  and  Yamamoto,  2004). 
Furthermore,  Wang  et  al.  prepared  micelles  from  an  alternative  polymer,  pH-sensitive 
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amphiphilic  oligo(ethylene  glycol)  (OEG).  The  alternative  polymer  was  prepared  by  direct 
poly  condensation  of  OEG  with  malic  acid  below  slight  conditions.  The  prepared  polymer 
was  finally  conjugated  with  doxorubicin  by  means  of  benzoic  imine  linkages.  Due  to  the 
benzoic  imine  linkages,  the  pH-responsive  effect  was  observed  in  prepared  micelles  at  pH 
5.8,  which  was  confirmed  via  a  pH-dependent  release  study.  This  was  also  found  cytotoxic 
on  MCF-7  cells,  which  proved  its  cancer  targeting  strategy  (Wang  et  al.,  2014). 


5*3*3  Graft  Copolymers 

In  graft  copolymers,  the  main  polymer  acts  as  a  polymeric  backbone  denoted  as  a  trunk 
polymer  and  another  twig  of  polymer  chain  B  originating  from  diverse  points  with  its 
length.  Where  polymer  B  is  grafted  on  polymer  A,  that  is,  A-graft-B,  it  is  recognized  as  A- 
g-B.  Graft  copolymers  have  numerous  applications,  and  they  can  be  modified  by  linking 
different  polymeric  chains  with  a  main  chain  of  polymer  (Zhu  et  al.,  2015). 

Carrot  et  al.  developed  gold  nanoparticles  using  poly(acrylic  acid) /polystyrene  graft 
copolymer  (PAA-g-PS).  They  first  formed  stable  micelles  in  which  the  core  comprised  of 
poly  (acrylic  acid),  and  the  shell  was  made  up  of  polystyrene  chains.  Polymerization  of  the 
graft  copolymer  was  done  with  gold  chloride  by  UV  irradiation.  Therefore,  it  can  be 
concluded  from  the  study  that  micelles  comprising  controlled  nanosized  particles  can  be 
prepared  by  self-organization  of  graft  copolymer  with  gold  (Carrot  et  al.,  1998). 

Similarly,  Abdel-Halim  et  al.  prepared  a  graft  copolymer  using  polyacrylamide,  guar 
gum,  and  potassium  bromate/ thiourea  dioxide  for  the  development  of  silver  nanoparti¬ 
cles.  In  this  case  graft  copolymer,  polyacrylamide  guar  gum  was  utilized  for  the  reduction 
of  silver  nitrite.  The  results  showed  excellent  plasmon  intensity  after  45  min  but  after 
60  min  absorption  efficiency  was  reduced.  Therefore,  it  was  proved  by  the  researcher  that 
after  graft  copolymerization  better  stabilization  proficiency  can  be  obtained  in  comparison 
to  the  simple  polymer  (Abdel-Halim  et  al.,  2011). 

Furthermore,  Qian  et  al.  developed  a  graft  copolymer  comprising  of  chitosan  and  the 
monomers  methyl  methacrylate  (MMA),  N-dimethylamino  ethyl  methacrylate  hydrochlo¬ 
ride  (DMAEMC),  and  N-trimethyl  aminoethyl  methacrylate  chloride  (TMAEMC).  After 
free  radical  polymerization  of  chitosan  with  the  above  components,  properties  of  chitosan 
were  changed  and  it  was  found  to  be  stable  at  various  pH  ranges.  Protein  was  loaded  in 
graft  copolymeric  nanoparticles,  and  complete  entrapment  of  the  protein  was  observed 
due  to  positive  charge  entrapment.  The  release  was  also  found  to  be  >24  h.  The  in  vivo 
study  on  male  Sprague— Da wley  rats  confirmed  an  increase  in  the  stability  as  well  as  the 
bioavailability  of  the  protein  in  the  gastrointestinal  tract  (Qian  et  al.,  2006). 


5*3*4  Block  Copolymers 

A  block  copolymer  is  formed  from  the  conjugation  of  two  different  monomers  in  the 
form  of  repetitive  units.  For  instance,  two  polymeric  units,  for  example,  -A-A-A-A-A-  and 
-B-B-B-B-B-,  are  linked  together  to  form  a  block  copolymer.  Block  copolymers  are  generally 
cast  using  controlled  polymerization  of  the  single  monomeric  units  and  subsequently 
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subjected  to  sequence  elongation  with  a  diverse  monomeric  unit  to  form  AB  or  ABC  block 
copolymers.  Atom  transfer  radical  polymerization  technique  is  used  widely  for  controlled 
polymerization  (Sarkar  and  Alexandridis,  2015). 

Dissimilar  monomers  are  usually  not  compatible  with  each  other,  and  usually,  they  will 
not  solubilize  with  one  another.  Whereas,  polymeric  blocks  of  the  same  monomer  are  eas¬ 
ily  combined  and  dispersed  into  the  same  field.  This  type  of  polymeric  characteristic  is 
explained  by  the  example  of  styrene-butadiene-styrene  (SBS),  which  is  a  triblock  copoly¬ 
meric  system  comprised  of  repeating  components  of  butadiene  in  the  middle  part  of  the 
polymeric  chain  and  styrene  part  at  the  end  (Laukkanen  et  al.,  2016). 

Generally,  polystyrene  and  polybutadiene  are  not  compatible  with  each  other. 
Therefore  the  end  group  of  polystyrene  is  combined  to  produce  glassy  polystyrene  in 
between  the  polymeric  chain  of  flexible  polybutadiene.  The  polybutadiene  middle  part 
makes  an  elastic  connection  using  polystyrene  endpoints,  which  remains  stable  up  to  its 
glass  transition  temperature  (Tg),  that  is,  near  to  100°C,  or  21 2° F.  Hence,  the  resultant  poly¬ 
mer  is  an  elastic  solid  at  room  temperature.  As  there  are  no  chemical  linkages  between  the 
molecules,  beyond  the  Tg  of  polystyrene,  the  individual  monomeric  units  are  torn  off  sepa¬ 
rately  and  it  has  to  recover  and  be  molded  again  (Wypych,  2016). 

5.3A.1  Types  of  the  Block  Copolymers 
5.3.4.1.1  HYDROPHILIC  BLOCK  COPOLYMERS 

Block  copolymers  are  generally  comprised  of  a  hydrophilic  and  hydrophobic  part; 
therefore,  they  could  be  perceived  as  polymeric  surfactants.  Certainly,  they  behave  as  low 
molecular  weight  surfactants  and  show  lower  critical  micelle  concentration  (CMC)  and 
slow  exchange  kinetics.  Nevertheless,  amphiphilicity  could  provide  a  similar  affinity 
towards  two  dissimilar  components  irrespective  of  their  origin  (Guragain  et  al.,  2018). 
Hydrophilic  block  copolymers  and  double-hydrophilic  block  copolymers  are  part  of  an 
amphiphilic  block  copolymer  that  is  rapidly  increasing  in  significance  in  polymer  science, 
pharmacy,  and  biochemistry. 

A  double-hydrophilic  block  copolymer  is  comprised  of  a  chemically  diverse  diblock 
copolymer  with  two  water-soluble  polymeric  units.  It  has  a  block  length  of  around  103— 
104  g/mol.  It  has  distinctive  properties  in  aqueous  surroundings,  which  improve  its 
amphiphilicity  due  to  existing  effects  on  temperature  and  pH,  correspondingly  (Harada 
and  Kata  oka,  2018).  It  has  a  varied  range  of  applicability  in  colloid  stabilization,  modifica¬ 
tion  of  crystal  growth,  the  formation  of  the  micelle,  and  complexing  of  polyelectrolytes  as 
a  carrier  for  drug  delivery. 

It  behaves  as  normal  polymeric  substance  in  solution  form  with  no  significant  character¬ 
istics  of  the  amphiphilic  or  hydrophilic  polymer.  For  instance,  pH-responsive  hydrophilic 
block  copolymer  as  poly(acrylic  acid;  PAA)  (Swift  et  al.,  2016)  and  the  thermoresponsive 
poly(N-isopropylacrylamide;  PNIPAM)  (Cong  et  al.,  2015). 

Frangville  et  al.  formulated  poly(acrylic  acid)  (PAA)  and  PEO  comprised  nanoparticle 
loaded  with  gadolinium  ions.  Therefore,  formulated  nanoparticles  of  20  nm  were  found  to 
be  stable  over  a  wide  pH  range,  dilution,  and  ionic  strength,  as  well  as  noncytotoxic  up 
to  1.5  mM  of  gadolinium.  In  vivo  tissue  uptake  study  showed  11.5  pmol/kg  equivalent  to 
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FIGURE  5.3  (A)  Coronal  tissue  weighted 

images  centered  on  the  kidneys,  before,  during 
the  IV  injection,  at  the  peak  signal  (1  min  40  s), 
and  55  min  after  injection  of  Gd3  +  /PE06k-b- 
PAA3k  HPICs.  (B)  Percentage  of  enhanced  con¬ 
trast  (EHC%)  comparative  to  the  background 
(BKG)  versus  time  for  the  adrenal  gland  (AG), 
left  and  right  pelvic  cavities  (PC),  left  and  right 
renal  cortex  (RC).  Lines  are  guides  to  the  eye. 
Source:  Adapted  with  permission  from  Frangville, 
C.,  Lz,  Y.,  Billotey ,  C.,  Talham ,  D.R.,  Taleb,  /.,  Roux , 
P.,  et  al.,  2016.  Assembly  of  double-hydrophilic  block 
copolymers  triggered  by  gadolinium  ions:  new  colloi¬ 
dal  MRI  contrast  agents.  Nano.  Lett.  16(7), 
4069-4073. 


Gadolinium  concentration  after  1  h  of  intravenous  injection.  Therefore,  in  the  pelvic  cavity 
64%  contrast  was  found  after  1:40  min,  which  was  increased  up  to  88%  after  4:20  min  as 
shown  in  Fig.  5.3  (Frangville  et  al.,  2016). 

Guragain  et  al.  prepared  self-assembled  micelles  using  poly(acrylic  acid-b-N-isopropyla- 
crylamide)  hydrophilic  block  copolymer.  Micelles  were  chelated  with  calcium  through 
mineralization  activity  and  formed  calcium  carbonate  spheres.  Highly  porous  spheres 
easily  accommodated  doxorubicin  (DOX)  for  anticancer  activity.  Before  complexion  with 
calcium,  it  was  found  that  at  45° C  polymer  remains  in  solution  in  micelle  form.  Release 
data  also  proved  that  the  release  of  the  drug  from  hydrophilic  block  copolymeric  nanopar¬ 
ticles  follows  the  Higuchi  model  (Guragain  et  al.,  2018). 

5.3.4.1.2  HYDROPHOBIC  BLOCK  COPOLYMERS 

Synthesis  of  hydrophobic  polymeric  material  is  achieved  through  numerous  reaction 
methods  such  as  chain  extension,  emulsion-based  method,  polymerization  encouraged 
self-assembly  (PISA),  etc.  Also,  diverse  polymer  aggregate  morphologies  of  the  hydropho¬ 
bic  copolymer  were  attained  through  reversible  adding  fragmentation  chain  transfer 
(RAFT)  polymerization,  which  is  mostly  used  in  the  polymerization  technique  (Jennings 
et  al.,  2016). 
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Hoogenboom  et  al.  prepared  poly(styrene)-block-poly(methyl  methacrylate)  (PS-b- 
PMMA)  in  ethanol  and  water  mixture  (80/20  wt%)  using  anionic  polymerization  with  the 
help  of  diphenylethylene  to  decrease  the  activity  of  the  existing  polystyrene  chain  ends. 
Prepared  micelles  from  PS-b-PMMA  form  an  easily  pourable  micellar  solution  at  80/20  wt 
%  at  a  higher  temperature  but  on  cooling  form  a  thermoresponsive  gel.  Therefore  at  1  %  wt 
polymer  concentration,  spherical  micelles  were  obtained  and  formed  a  thermoresponsive 
gel  (Hoogenboom  et  al.,  2009). 

Figg  et  al.  synthesized  a  thermoresponsive  block  copolymer  by  N,N-dimethylacrylamide 
(DMA)  and  diacetone  acrylamide  (DAAm)  and  adjusted  the  hydrophobicity  of  the  poly¬ 
mer  by  the  ratio  of  DMA  and  DAAm.  They  also  reported  that  structural  transformation  in 
DAAm  occurred  from  micelle  to  worm-like  structure  at  a  higher  degree  of  polymerization 
using  polymerization  encouraged  self-assembly  (PISA)  (Figs.  5.4— 5.6).  Self-assembly  of 
formulated  hydrophobic  block  copolymer  employs  novel  understandings  about  block 
copolymer  aggregate  solution  (Figg  et  al.,  2017). 


FIGURE  5.4  TEM  images  of  cross-linked  nanoparticle  by  different  monomer  ratio  of  75:25  diacetone  acrylam¬ 
ide  to  N,N-dimethylacrylamide  (DAAm75)  for  the  next  generation  block  and  changeable  degrees  of  polymeriza¬ 
tion  (DP2).  (A)  DP2  of  111  showing  worm  and  micelles  like  morphology.  (B)  127  showed  mostly  worm 
morphologies.  (C)  141  showed  elongated  as  well  as  branched  worm  morphology.  (D)  176  presented  worms  to 
vesicular  transition  by  branched  points  and  budding  points.  Source:  Adapted  with  permission  from  Figg ,  C.A., 
Carmean,  R.N.,  Bentz,  K.C.,  Mukherjee ,  S.,  Savin,  D.A.  Sumerlin,  B.S.,  2017.  Tuning  hydrophobicity  to  program  block 
copolymer  assemblies  from  the  inside  out.  Macromolecules  50(3),  935—943. 
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FIGURE  5.5  Displayed 
image  represents  transition  in 
morphology  of  polymer 
based  on  monomer  feed  ratio 
and  degree  of  polymerization. 
Source:  Adapted  with  permission 
from  Figg,  C.A.,  Carmean,  R.N., 
Bentz,  K.C.,  Mukherjee ,  S., 

Savin,  D.A.  Sumerlin,  B.S., 
2017.  Tuning  hydrophobicity  to 
program  block  copolymer  assem¬ 
blies  from  the  inside  out. 
Macromolecules  50(3),  935—943. 


5.3.4.1.3  AMPHIPHILIC  BLOCK  COPOLYMERS 

The  developing  variety  of  existing  block  copolymers  comprises  linear  block  copolymers, 
graft  copolymers,  dendritic  polymers,  star-like  polymers,  and  cyclic  polymers;  they  could 
themselves  organize  into  aggregates  of  varied  structures  below  definite  conditions. 
Amphiphilic  block  copolymers  are  linear  copolymeric  systems  comprised  of  two  or  more 
chemically  separate  polymeric  units  but  sometimes  it  may  not  miscible  same  in  solvents. 
Whereas,  in  particular,  solvent,  this  immiscibility  results  on  self-assembly  (Liu  et  al.,  2015). 
Whereas  one  copolymer  is  easily  miscible  in  one  particular  solvent  that  was  found  thermo¬ 
dynamically  favorable,  it  was  not  the  similar  case  for  another  polymeric  unit.  Similarly,  to 
low  molecular  weight  surfactant  copolymer  were  also  found  self-assembled  in  micellar 
aggregates.  Therefore,  the  water-soluble  copolymeric  portion  and  the  insoluble  part  which 
turns  into  spherical  micelles.  Whereas,  relative  insolubility  of  block  copolymer  depends  on 
the  length  of  micelles  (Qiao  et  al.,  2015). 

Duan  et  al.  prepared  self-assembled  amphiphilic  block  copolymeric,  N-(2-hydroxypro- 
pyl)  methacrylamide  (HPMA)  conjugate  with  gemcitabine.  Sensitivity  towards  stimuli  was 
employed  using  enzyme-sensitive  oligopeptide  sequence  glycyl  phenylalanyl  leucylglycine 
through  reversible  addition-fragmentation  chain  transfer.  Nanoparticles  gave  almost  80% 
release  after  30  min  enzyme  incubation  and  nearly  all  of  the  drug  was  released  up  to  3  h. 
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FIGURE  5.6  Length  of  worm  measured  by  means  of  TEM  as  worm  from  second  degree  of  polymerization. 
(A)  Diacetone  acrylamide  (DAAm):N,N-dimethylacrylamide  (DMA)  monomer  where  ratio  of  both  polymer  85:15 
(DAAm85).  (B)  DAAm:DMA  monomer  at  80:20  proportion  (DAAm80).  (C)  and  (D)  DAAm:DMA  monomer  with 
ratio  of  75:25  (DAAm75).  Source:  Adapted  with  permission  from  Figg ,  C.A.,  Carmean,  R.N.,  Bentz,  K.C.,  Mukherjee,  S., 
Savin ,  D.A.  Sumerlin,  B.S. ,  2017.  Tuning  hydrophobicity  to  program  block  copolymer  assemblies  from  the  inside  out. 
Macromolecules  50(3),  935—943. 


Resultant  formulation  was  found  to  be  nontoxic  on  cell  line  mouse  embryonic  fibroblast  and 
mouse  myoblast  cell  line  at  inhibitory  concentration  (IC50)  of  gemcitabine,  stable  as  well  as 
site-specific  activity  was  confirmed  through  NIR  and  increment  of  the  drug  at  the  tumor  site 
over  the  free  drug  in  BALB/c  mice  was  found  to  be  as  shown  in  Fig.  5.7  (Duan  et  al.,  2017). 
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FIGURE  5.7  Fluorescent  images  of  ex  vivo  tumor  and  organs  of  tumor-containing  mice  over  control  saline 
and  nanoparticles;  images  after  administration  of  nanoparticle  at  (A)  6  h,  (B)  12  h,  (C)  18  h,  (D)  36  h,  and  (E)  aver¬ 
age  signal  of  polymeric  nanoparticle.  (F)  4T1  tumor  in  mice  after  treatment  of  nanoparticle,  free  gemcitabine,  and 
saline.  (G)  Tumor  weight  versus  saline,  versus  gemcitabine,  versus  nanoparticle.  (H)  Percentage  tumor  growth 
inhibition  versus  gemcitabine  and  nanoparticle.  (I)  Percentage  body  weight  shift  versus  time  after  treatment  of 
various  formulations.  Source:  Adapted  with  permission  from  Duan,  Z.,  Zhang,  Y.,  Zhu ,  H.,  Sun,  L.,  Cai,  H.,  Li,  B., 
et  at.,  2017.  Stimuli-sensitive  biodegradable  and  amphiphilic  block  copolymer-gemcitabine  conjugates  self-assemble  into  a 
nanoscale  vehicle  for  cancer  therapy.  ACS  Appl.  Mater.  Interfaces  9(4),  3474—3486. 
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A  biodegradable  polymer  is  considered  as  "green"  because  it  does  not  accumulate  in 
the  body  and  does  not  harm  the  environment,  showing  the  attractive  application  in  the 
field  of  biomedical  or  drug  delivery  owing  to  its  ability  to  be  easily  metabolized  and 
excreted  from  the  body.  The  idea  behind  creating  biodegradable  copolymers  to  improve 
physical  and  mechanical  properties  to  meet  the  criteria  such  as  biocompatibility  and 
specific  biodegradability  for  implant  or  dosage  form  (Dicker  et  al.,  2014).  For  example, 
biodegradable  HPMA-oligolysine  copolymers  for  gene  delivery  by  polymerizing  vinyl- 
terminated  peptides  by  radical  polymerization  and  the  copolymerization  oligolysine  with 
HPMA  (Tapper tzhofen  et  al.,  2015). 

Biodegradable  materials  are  not  restricted  to  the  site-specific  targeting  of  drug,  pep¬ 
tide,  and  protein  but  also  are  increasingly  important  in  medical  devices  and  wound 
dressing.  To  meet  these  requirements,  biodegradable  block  copolymers  have  been  inves¬ 
tigated  as  promising  biomaterials  because  of  their  ability  to  modify  their  amphiphilic 
behavior,  physical,  and  mechanical  properties  by  altering  the  ratio  of  consisting  blocks 
or  adding  new  blocks  of  desired  properties  (Masood,  2016).  Block  copolymers  comprise 
segments  of  a  biodegradable  polymer  as  an  approach  to  the  synthesis  of  biodegradable 
polymers. 

The  first  synthesized  biodegradable  polymer  was  PLGA,  and  it  was  used  for  the  prepa¬ 
ration  of  bioabsorbable  sutures.  Further,  poly-co-lactic  acid  (PL A)  and  its  copolymers  have 
been  used  in  biomedical  applications  for  more  than  20  years  and  are  preferred  because  of 
their  biocompatibility,  biodegradability,  and  nontoxic  nature  (Freed  et  al.,  1994). 

Biodegradable  polymers  are  classified  as  (1)  natural  polymers  and  (2)  synthetic  poly¬ 
mers  and  the  selection  of  polymers  is  based  on  specific  requirements.  The  most  crucial 
attributes  of  a  biodegradable  polymer  for  drug  delivery  purposes  are  biocompatibility, 
mechanical  strength,  biodegradation  process,  and  kinetics  of  polymers.  In  biomedical 
applications,  their  demand  is  expanding,  due  to  their  special  properties,  for  example, 
mechanical  strength,  degradation  time,  surface  properties,  the  degree  of  crosslinking, 
tagging  or  modification  of  functional  group,  and  so  on  (Kumari  et  al.,  2010). 

A  major  advantage  with  biodegradable  polymers  over  the  nonbiodegradable  polymers 
is  that  in  the  case  of  biodegradable  polymers,  surgery  is  not  required  for  removal  of  the 
implant  and  thus  they  are  mostly  preferred  in  drug  delivery  applications.  Further,  biode¬ 
gradable  polymers  degrade  into  small  absorbable  monomers,  that  is,  biocompatible  sub¬ 
stances,  on  exposure  to  certain  enzymes,  microbes,  chemicals,  and  water  by  erosion  at  the 
bulk  or  at  the  polymer  surfaces.  Further,  these  monomers  can  be  reduced  by  the  Krebs 
cycle  to  carbon  dioxide  and  water  (Nicolas  et  al.,  2013). 

The  process  involved  in  degradation  of  polymers  is  erosion  (i.e.,  a  loss  of  mass  from  the 
polymer  matrix).  Erosion  of  polymer  matrices  is  influenced  by  the  rate  of  degradation, 
swelling,  porosity,  and  diffusion  of  oligomers  and  monomers  from  the  polymer  matrices. 
Except  in  case  of  the  parameters,  the  degradation  process  is  classified  based  on  the  diffu¬ 
sion  of  water  into  the  polymer  matrix  such  as  bulk  and  surface  eroding  polymers. 
Polymers  degrade  by  bulk  erosion  process,  which  leads  to  loss  of  mass  uniformly  from  the 
matrix  and  the  rate  of  erosion  depends  on  the  volume  of  the  polymer.  In  the  case  of 
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surface  erosion,  polymer  loss  is  from  outside  to  inside  the  polymer  matrix  and  the  erosion 
rate  is  dependent  on  the  thickness  of  the  polymer,  and  thus  surface  eroding  polymers  are 
most  preferred  for  drug  delivery  applications  (Xu  et  al.,  2017). 

The  block  copolymers  are  polymerized  by  various  polymerization  techniques  such  as 
anionic,  cationic,  radical,  ring  opening,  photo,  group  transfer,  and  Ziegler/Natta  polymeri¬ 
zation.  These  have  been  extensively  synthesized  for  drug  delivery  for  the  last  few  decades 
for  use  in  hydrogels,  nanoparticles,  microparticle  implants,  micelles,  etc.  Some  of  the  syn¬ 
thesized  block  copolymers  were  found  to  be  biodegradable  (De  Rosa  et  al.,  2017).  The 
requirements  for  the  synthetic  structure  of  block  copolymers  are  the  following: 

•  The  molecular  weight  of  arm  or  backbone  chain  of  star  copolymer  with  single  block 
should  be  adjustable. 

•  The  block  polymers,  copolymers,  and  star  copolymers  should  have  narrow  molecular 
weight  distribution. 

•  The  number,  type,  and  arrangement,  of  block  or  arms  of  copolymers  should  be  known. 

•  The  chemical  structure  of  copolymers  should  be  as  uniform  as  possible. 

•  The  polymer  should  not  contain  nonremovable  impurities. 

Huang  et  al.  developed  biodegradable  self-assembled  nanoparticles  using  PLGA  and 
hyaluronic  acid  (HA)  for  targeted  delivery  in  breast  cancer.  Nanoarchitects  comprised  of 
docetaxel  and  results  of  release  study  showed  a  biphasic  release  over  120  h  with  increased 
cytotoxicity  on  CD44  +  MDA-MB-231  cells.  Fig.  5.8  shows  the  uptake  of  nanoparticle 
(SANPs)  in  MDA-MB-231  cells,  and  MCF-7  cells  using  CD44  receptor-mediated  endocyto- 
sis.  From  the  in  vivo  study,  it  was  also  proved  that  circulation  of  the  nanoparticles  in 
blood  was  increased,  which  resulted  in  enhanced  targeting  and  antitumor  activity  of  doce¬ 
taxel  in  the  mice  model,  as  shown  in  Fig.  5.9  (Huang  et  al.,  2014). 


5.5  THE  FUNCTIONALITY  OF  COPOLYMERS  AND  BLOCK 
COPOLYMERS  IN  DRUG  DELIVERY 

5.5.1  Copolymer  Applications  in  Solid  Dosage  Form 

5. 5. 1 . 1  Controlled  Drug  Delivery 

Hydrophilic  and  hydrophobic  segments  are  a  functional  part  of  amphiphilic  block  copo¬ 
lymers  that  make  them  self-assemble  into  polymeric  micelles  in  the  presence  of  an  aque¬ 
ous  environment.  This  core-shell  assembly  offers  polymeric  micelles  with  the  probable 
vehicles  for  drug  delivery  applications.  Wei  et  al.  prepared  four-armed  star-shaped  block 
copolymer  consisting  of  PMMA  as  the  hydrophobic  part  and  three  portions  of  poly(N-iso- 
propyl  acrylamide)  (PNIPAAm)  (Tacic  et  al.,  2017). 

The  resulting  star  block  copolymer  is  capable  of  formulating  spherical  self-assembled 
micelles  in  the  presence  of  an  aqueous  medium.  Micelles  exhibited  reversible  aggregation 
as  well  as  a  dispersion  with  reference  LCST  of  PNIPAAm  at  34° C.  The  release  of  predniso¬ 
lone  acetate  from  PMMA  hydrophobic  core  of  thermoresponsive  micelles  was  found  at 
25°C,  which  was  lower  than  LCST  of  the  micelle.  But  at  LCST  or  above,  the  release  of  the 
drug  was  via  two  stages:  initially,  in  the  first  stage,  it  was  from  the  hydrophobic  part. 
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FIGURE  5.8  (A)  Cellular  uptake  of  coumarin-6  (C-6)  comprised  PLGA  nanoparticle,  coumarin-6  (C-6/SANPs) 

comprised  PLGA-b-HA  nanoparticle,  coumarin-6  (C-6/SANPs  +  HA)  comprised  PLGA-b-HA  nanoparticle  with 
5  mg/ mL  free  HA.  (B)  Presenting  mean  fluorescence  of  different  nanoparticles  in  two  different  cells.  Source: 
Adapted  with  permission  from  Huang ,  /.,  Zhang ,  H.,  Yu ,  Y.,  Chen ,  Y.,  Wang ,  D.,  Zhang ,  G.,  et  al.,  2014.  Biodegradable 
self-assembled  nanoparticles  of  poly  (d,  i-lactide-co-glycolide)/hyaluronic  acid  block  copolymers  for  target  delivery  of  docetax- 
el  to  breast  cancer.  Biomaterials  35(1),  550—566. 


which  had  slower  release  than  25°C  and  in  the  later  stage,  drug  release  was  achieved  quite 
faster  than  25° C.  The  controlled  release  of  drug  above  the  LCST  temperature  of  micelles 
was  also  shown  (Wei  et  al.,  2007). 

Furthermore,  Deng  et  al.  developed  star  block  copolymeric  micelles  of  poly(e-caprolac- 
tone)-block-poly(2-(2-methoxy  ethoxy) ethyl  methacrylate-co-oligo(ethylene  glycol)methac- 
rylate)  (ME02MA-coOEGMA)  polymer  as  a  thermoresponsive  polymeric  unit.  Moreover, 
the  magnetic  property  inside  the  micelles  was  introduced  using  Mn  and  Zn  fixed  ferrite 
magnetic  nanoparticles  and  therapeutic  effect  was  attributed  to  the  presence  of  DOX. 
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FIGURE  5.9  Fluorescence  images  from  in  vivo  experimentation.  (A)  Treated  with  DiR  loaded  PLGA  nano¬ 
particles,  DiR  loaded  PLGA  nanoparticles  with  HA  (DiR/SANPs)  in  MDA-MB-231  tumor  comprised  mice  after 
IV  injection  through  tail  vein,  representative  images  of  treated  mice  after  several  time  intervals.  (B)  Ex  vivo  fluo¬ 
rescence  image  from  organs  after  24  h  of  treatment.  Source:  Adapted  with  permission  from  Huang,  ].,  Zhang,  H.,  Yu, 
Y.,  Chen,  Y.,  Wang,  D.,  Zhang,  G .,  et  al,  2014.  Biodegradable  self-assembled  nanoparticles  of  poly  (d,  L-lactide-co-glyco- 
lide) /hyaluronic  acid  block  copolymers  for  target  delivery  of  docetaxel  to  breast  cancer.  Biomaterials  35(1),  550—566. 
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At  the  molar  ratio  of  92:8  of  ME02MA/OEGMA,  it  was  controlled  at  43°C.  From  the 
results  of  the  release,  it  can  be  assumed  that  at  25° C  release  of  DOX  from  the  micelle 
through  the  hydrophilic  and  hydrophobic  core  was  quite  slow  and  it  was  found  that 
almost  78%  of  the  drug  remained  inside  the  formulation  after  48  h.  Besides,  at  a  higher 
temperature  than  LCST,  nearly  70%  of  the  drug  was  released  from  the  polymeric  core¬ 
shell  architecture  of  micelles  within  24  h.  In  addition,  it  was  not  found  toxic  in  a  cytotoxic¬ 
ity  study  and  exhibited  potential  inhibition  of  cellular  proliferation  on  HepG2  cells  specific 
to  liver  cancer  (Deng  et  al.,  2015). 

Similarly,  Li  et  al.  casted  reduction  sensitive  lipoic  acid  (LA)  and  cholic  acid  (CA) 
decorated  poly(ethylene  glycol)-b-poly(L-glutamic  acid)  (PEG-pGlu(EDA-LA)-CA)  block 
copolymeric  micelles  for  controlled  delivery  of  doxorubicin.  In  the  presence  of  dithio- 
threitol,  micelles  were  easily  cross-linked  and  self-assembled.  It  was  also  shown  that  at 
higher  dilution  the  formulation  was  found  stable  and  salt  was  easily  dispersed  and 
released  in  the  reduced  milieu. 

At  37°C  release  of  DOX  was  found  to  be  35  pg/mL  without  glutathione,  but  in  the 
presence  of  glutathione,  the  release  was  increased  up  to  88.1%  within  24  h.  After  4h 
sufficient  fluorescence  was  not  observed  in  HeLa  cells  (cervical  cancer  specific  cells) 
over  DOX-loaded  micelles  and  after  8  h  greater  fluorescence  was  observed  in  nuclei 
due  to  cleavage  of  the  disulfide  bond  in  presence  of  glutathione  intracellularly 
(Li  et  al.,  2015). 

Moreover,  Song  et  al.  developed  polymeric  composites  comprising  of  graphene /triblock 
copolymer  as  poly(oxopentanoate  ethyl  methacrylate)-block-poly(pyridyl  disulfide  ethyl 
acrylate)-block-poly(ethylene  glycol  acrylate)  [poly(OEMA-b-PDEA-b-PEGA)].  Polymerization 
was  achieved  through  a  reversible  addition-fragmentation  chain  transfer  approach. 
Pyridine-2-thione  and  O-benzylhydroxylamine  were  used  to  conjugate  the  drug  with 
the  block  copolymer.  The  prepared  composite  was  released  drug  by  dual  mechanics, 
and  the  release  was  found  to  be  faster  at  pH  5.3  (86%  in  7  h);  at  pH  7.4,  drug  release 
was  only  13%  in  7  h.  In  the  presence  of  glutathione  pyridine-2-thione  even  faster 
release  was  observed  (90%  within  1  h),  which  might  be  due  to  reducing  environment. 
The  polymeric  composite  was  also  found  to  be  less  toxic  in  HELF  cells  (Song  et  al., 
2015). 

Likewise,  Rahikkala  et  al.  developed  a  self-assembled  thermosensitive  nanoparticle  of 
polystyrene-b-poly-N-isopropyl  acrylamide)-b-polystyrene  copolymer.  The  hydrogel  nano¬ 
particle  was  also  applicable  for  diagnostic  use  using  1-anilino  naphthalene-8-sulfonic  acid 
as  a  fluorescent  substance  and  therapeutic  due  to  the  drug.  The  researcher  had  inserted 
polystyrene  in  PNIPAm,  where  authors  also  found  that  fluorescent  probe  was  released  at 
lower  and  higher  cloud  point  temperature  (Rahikkala  et  al.,  2015). 


5*5*2  Copolymer  Application  in  Transdermal  Drug  Delivery  System 

Polymers  are  the  backbone  of  topical  drug  delivery.  Transdermal  patches,  which  are 
fabricated  as  multilayered  polymeric  laminates  and  often  consist  of  two  polymeric  layers, 
that  is,  one  outer  impervious  backing  layer  that  prevents  loss  of  the  drug,  and  a  second. 
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inner  layer  that  acts  as  an  adhesive  or  rate  controlling  membrane  with  the  drug-polymer 
matrix  or  drug  reservoir  sandwiched  between  both  layers.  The  polymer  is  also  used  as  a 
pressure  sensitive  adhesive  with  aid  of  release  liner  in  transdermal  drug  delivery 

(Schoellhammer  et  al.,  2014). 

Generally  used  polymers  can  be  categorized  into  natural  polymers  and  synthetic  poly¬ 
mers.  Examples  of  naturally  occurring  polymers  include  gelatin,  chitosan,  sodium 
carboxymethyl  guar  gum,  sodium  alginate,  polymerized  rosin,  and  many  others. 
Synthetic  polymers  include  PVA,  polyethylene,  PEG,  polyvinyl  pyrrolidone  (PVP), 
Eudragit,  ethylene  vinyl  acetate  copolymer,  ethyl  vinyl  acetate,  silicon  rubber,  etc.  In  the 
case  of  topical  patches,  polymers  are  extensively  and  prominently  used  materials 
because  of  their  bioadhesive  properties  (Donnelly  et  al.,  2014). 

Wang  et  al.  investigated  the  effect  of  styrene— isoprene— styrene  block  copolymer  struc¬ 
ture  and  plasticizer  on  drug  release.  Investigators  in  this  experiment  prepared  pressure 
sensitive  adhesive  by  using  styrene— isoprene— styrene  block  copolymer  and  used  three 
model  drugs,  that  is,  methyl  salicylate,  capsaicin,  and  diphenhydramine  hydrochloride. 
The  outcomes  of  in  vitro  skin  permeation  experiments  revealed  that  methyl  salicylate  and 
capsaicin  have  faster  release  than  diphenhydramine  hydrochloride  due  to  high  styre¬ 
ne— isoprene  di-block  content  in  styrene— isoprene— styrene  and  high  plasticizer  content  in 
the  formulation.  Moreover,  the  low  release  of  diphenhydramine  hydrochloride  attributed 
to  high  plasticizer  concentration  resulted  in  less  aqueous  absorption,  which  may  lead  to  a 
decrease  in  the  drug  release  rate  (Mobed-Miremadi  et  al.,  2016). 

Ubaidulla  et  al.  developed  a  matrix-transdermal  patch  of  carvedilol  and  based  upon 
bioavailability  studies  in  rats  they  revealed  that  the  developed  formulation  (prepared  with 
ethyl  cellulose:  polyvinylpyrrolidone,  7.5:2.5  copolymer  ratio)  showed  71%  bioavailability 
compared  with  the  developed  formulation  (prepared  with  Eudragit  RL:  Eudragit  RS,  8:2 
copolymer  ratio),  which  showed  62%  bioavailability  (Ubaidulla  et  al.,  2007). 


5*5*3  Polymer  Therapeutics  in  Targeted  Drug  Delivery 

In  the  21st  century,  polymer  therapeutics  have  yielded  a  paradigm  shift  in  the  biomedi¬ 
cal  and  pharmaceutical  industries  and  have  been  used  as  polymer— drug  conjugates, 
polymer-protein  conjugates,  and  polymeric  micelles  to  which  a  drug  is  covalently  bound 

(Lalu  et  al.,  2017;  Maheshwari  et  al.,  2015a;  Sharma  et  al.,  2015).  Polymers  therapeutics  are 
different  from  polymeric  drug  delivery  as  they  simply  entrap  or  solubilize  the  API  in  poly¬ 
mers;  here  polymers  are  considered  as  excipients.  These  excipients  and  polymers  required 
to  be  sterilized  especially  when  utilized  for  preparation  of  targeted  polymer  based  injec¬ 
tion  (Moondra  et  al.,  2018). 

The  polymer— drug  conjugates  were  first  developed  by  Ringsdorf  in  1975,  and  Duncan 
and  co workers  further  extended  the  rationale  and  mechanism  of  polymer— drug  conju¬ 
gates  for  use  as  therapeutics.  The  polymer— drug  conjugates  have  vital  benefits  such  as 
improved  drug  solubility,  circulation  time,  and  targeting  of  the  drug  by  using  the  specific 
linker.  For  example,  PEG  can  overcome  the  problem  of  drug  solubility  by  conjugating 
with  a  neutral  small  prodrug  molecule. 
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The  polymer— drug  conjugates  include  polymeric  nanoparticles;  polymers  used  such  as  albu¬ 
min,  chitosan,  and  heparin  as  material  for  the  delivery  of  DNA,  oligonucleotides,  protein,  and 
also  drugs.  Clinically,  an  albumin-binding  prodrug  of  DOX,  methotrexate-albumin  conjugate, 
and  moreover,  the  nanoparticle  of  the  albumin-paclitaxel  conjugate  (Abraxane)  was  approved 
(January  2005)  for  the  treatment  of  metastatic  breast  cancer  (Kratz,  2008). 

Furthermore,  polymers  with  protein  conjugates  are  now  of  therapeutic  interest  due 
to  limitations  of  proteins  such  as  half-life,  poor  stability,  the  immunogenicity  of  the 
protein.  Therefore,  it  was  derivatized  by  means  of  the  polymer.  Further,  Davis, 
Abuchowski,  and  colleagues  were  the  first  who  demonstrated  the  potential  of  PEG  for 
conjugation  with  protein.  PEGylation  was  developed  to  enhance  the  solubility,  stabil¬ 
ity,  and  immunogenicity  of  the  protein.  It  also  helps  to  prevent  the  rapid  renal  clear¬ 
ance  of  small  proteins  and  receptor-mediated  protein  uptake  by  a  reticuloendothelial 
system,  which  ultimately  improves  the  plasma  half-life.  In  1990,  the  first  protein-based 
product  Adagen  [PEGademase  bovine;  Adagen  is  an  injection  that  is  a  modified 
enzyme  used  for  enzyme  replacement  therapy  (ERT)  for  the  treatment  of  severe 
combined  immunodeficiency  disease  (SCID)  associated  with  a  deficiency  of  adenosine 
deaminase  (ADA)],  which  contains  PEG  (5000  Da  PEG;  amine  PEGylation),  was 
launched  to  improve  the  plasma  half-life  for  the  treatment  of  severe  combined  immu¬ 
nodeficiency  disease  (Fishburn,  2008). 

Moreover,  Chen  et  al.  prepared  glycopolymer-b-poly(s-caprolactone)  (GP-PCL)  poly¬ 
meric  micelles  anchored  with  lactose.  The  polymer  was  prepared  in  the  presence  of  differ¬ 
ent  concentration  or  ratios  of  a  lactobionic  acid  such  as  20%,  40%,  80%,  and  100%.  GP-PCL 
polymeric  micelles  showed  higher  loading  potential  of  83.0%— 89.2%.  From  the  cellular 
uptake  assay,  due  to  the  abundance  of  the  asialoglycoprotein  receptor  in  HepG2  cells, 
enhanced  cellular  uptake  (6.6—17.1-fold  higher)  was  found  in  comparison  to  nonglycomi- 
celles.  Further,  cellular  toxicity  evaluation  also  showed  that  DOX  comprised  GP-PCL  poly¬ 
meric  micelles  have  less  toxicity  compared  with  nonglycomicelles.  Moreover,  targeting 
was  further  confirmed  through  competition  assay  up  to  72  h  for  asialoglycoprotein  based 
specific  targeting,  and  it  was  found  that  targeted  micelles  contained  asialoglycoprotein 
receptor  significantly  (Chen  et  al.,  2015).  Mable  et  al.  developed  silica  nanoparticles  com¬ 
prising  poly(glycerol  monomethacrylate)-poly(2-hydroxypropyl  methacrylate)  diblock 
copolymeric  vesicular  structure.  The  polymeric  copolymer  was  prepared  by  PISA  method. 
The  prepared  vesicular  architect  was  able  to  load  hundreds  of  silica  nanoparticles  inside 
the  vesicle  (Mable  et  al.,  2015). 

Tian  et  al.  cast  porphyrin  anchored  PEGii3-b-PCL54  block  copolymer  loaded  with  DOX 
micelles  and  was  found  to  have  photochemical  internalization  inside  the  cells.  In  vitro 
release  study  showed  that  at  pH  7.4  release  of  porphyrin  from  the  micelle  was  difficult 
but  at  pH  5  the  release  of  porphyrin  was  found  to  be  42%,  which  might  be  attributed  to  an 
acidic  condition.  In  terms  of  the  release  of  DOX,  it  was  found  to  be  34.3%  in  the  case  of 
physiological  pH  and  at  acidic  pH  was  found  to  be  nearly  99%,  and  no  significant  toxicity 
was  shown.  In  the  case  of  cellular  uptake  studies,  after  irradiation  with  LED  lamp  uptake 
of  DOX  was  improved.  Cellular  uptake  was  also  confirmed  by  means  of  porphyrin  uptake 
using  cell  light  lysosomes-GFP  for  porphyrin  comprised  micelles  due  to  pH  sensitivity 
enhanced  uptake,  as  shown  in  Fig.  5.10  (Tian  et  al.,  2017). 
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FIGURE  5.10  Cell  internalization  of  porphyrin  comprised  polymeric  micelles.  (A)  Treatment  of  cells  by 
PEGii3-b-PCL54-porphyrin  micelles  where  irradiation  was  not  there.  (B)  Cells  were  treated  by  PEGn3-b-PCL54- 
porphyrin  micelles  after  irradiation.  (C)  Cells  were  treated  via  PEG113-b-PCL54-porphyrin  micelles  deprived  of 
irradiation.  (D)  Treatment  of  cells  by  PEGi13-b-PCL54-porphyrin  micelles  after  irradiation.  Blue:  Hoechst  33342; 
green:  CellLight  Lysosomes-GFP  (E)  distribution  of  DOX  intracellularly  after  treatment  with  DOX  containing 
micelles  and  porphyrin  containing  micelles  after  irradiation.  Source:  Adapted  with  permission  from  Tian,  ].,  Xu,  L., 
Xue,  Y.,  Jiang,  X.,  Zhang,  W.,  2017.  Enhancing  photochemical  internalization  of  DOX  through  a  porphyrin-based  amphiphi¬ 
lic  block  copolymer.  Biomacromolecules  18(12),  3992—4001. 


5.6  PATENTED  POLYMER  THERAPEUTICS 


There  are  some  promising  polymer  therapeutics  under  consideration  or  already  granted 
patents,  and  salient  examples  are  summarized  in  Table  5.2.  These  examples  serve  to 
expose  the  reader  to  the  opportunities  presented  by  this  field  for  the  future  development 
of  polymer-based  therapeutics. 


5.7  FUTURE  DEVELOPMENTS  AND  CONCLUSION 

Polymers  and  block  copolymers  have  proven  applications  and  numerous  roles  in  drug 
delivery  and  therapeutics.  In  context,  possibly  the  best  characteristic  and  most  important 
feature  of  some  of  the  block  copolymers  is  their  self-assembly  in  micelles  or  vesicular 
systems,  which  is  suitable  for  drug  loading  and  protection.  Upon  micellization,  the  hydro- 
phobic  core  regions  serve  as  reservoirs  for  hydrophobic  drugs,  which  may  be  loaded  by 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


5.7  FUTURE  DEVELOPMENTS  AND  CONCLUSION 

TABLE  5.2  Patent  Information  on  Different  Formulations  Made  of  the  Copolymeric  Structure 


195 


Types  of 

Patent  No.  Polymer  Invention 


Outcome  of  Date  of 

Investigation  Approval  References 


US5702717A  Thermosensitive 
biodegradable 
polymers 


Biodegradable  block 
copolymer  contained 
reverse  gelation 
temperature  below 
physiological 
temperature; 
hydrophilic  chain  of 
polyethylene  glycol; 
hydrophobic  chain 
comprised  of  poly 
(a-hydroxy  acids)  and 
polyethylene 
carbonates) 


After  intravenous  or 
subcutaneous 
injection,  it  forms  a 
gel  from  liquid  due  to 
reverse  gelation 
temperature  and 
release  of  drug  was 
also  found  in 
controlled  manner; 
rate  of  degradation  of 
the  polymer  was 
adjusted  by  poly 
(a-hydroxy  acid) 


1997-12-30 


US  2010/ 
0254939  A1 


Graft  copolymer  In  the  present  patent, 
graft  copolymers 
consist  of  polyvinyl 

Sulfonic-co-vinyl 

alcohol)-g-poly 

(lactide-co-glycolide) 

(P(VS-VA)-g-PLGA) 
having  negatively 
charged  electrolyte 
properties 


Prepared  formulation  2010-10-07 

using  novel  graft 

polymer  claimed  to 

have  high  loading  of 

positively  charged 

drug  and  show 

sustained  release  of 

drug  from  graft 

copolymers 


US6918929B2  Block  copolymer 


Pegylated  styrene 
block  copolymer 
coated  the  stent 


For  vascular  2005-07-19 

complications,  the 

drug  was  coated  on 

pegylated  styrene 

block  copolymer  and 

gave  time-dependent 

release  of  the  drug 


US6838528B2  Multiarm  Core  molecule  of 

blockcopolymers  polyol  covalently 
attached  and  inner 
hydrophobic 
covalently  bind  with 
each  other 


Hydrophobic  drug  2005-01-04 
molecule  can  be 
entrapped  at  the  core 
region  and  utilized  in 
drug  delivery 


US6545097B2  Block  copolymer  Elastomeric  block  as 

polyolefin  blocks  and 
thermoplastic  blocks 
as  from  vinyl 
aromatic  blocks  and 
methacrylate  blocks 


The  prepared  medical  2003-04-08 

device  can  be  loaded 

with  a  therapeutic 

agent  and  injected  as 

intravenously  as  well 

as  coated  with  a 

biocompatible  block 

copolymer 


Cha  et  al.  (1997) 


Kissel  and 
Wang  (2013) 


Udipi  et  al. 
(2005) 


Zhao  (2005) 


Pinchuk  et  al. 
(2011) 


( Continued ) 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


196  5.  COPOLYMERS  AND  BLOCK  COPOLYMERS  IN  DRUG  DELIVERY  AND  THERAPY 


TABLE  5.2  (Continued) 


Types  of 

Patent  No.  Polymer 

Invention 

Outcome  of 
Investigation 

Date  of 
Approval 

References 

US6916788B2  Block  copolymer 

Liquid  polyethylene 
glycol  derivative 
polymeric 

composition  formed 
active  material 
comprised  an  implant 

It  can  load  the 
pharmacologically 
active  material  and 
release  inside  the 
body 

2005-07-12 

Seo  and  Choi 
(2005) 

chemical,  physical,  or  electrostatic  means,  depending  on  the  specific  functionalities  of  the 
core-forming  block  and  the  solubilization.  Polymeric  nanostructures  have  special  charac¬ 
teristics  due  to  their  hydrophobic  core  and  hydrophilic  shell  composition. 

The  chemical  composition  of  the  hydrophobic  core  enables  entrapment  of  drugs  or  ther¬ 
apeutic  moieties  using  chemical  conjugation,  physical  loading,  as  well  as  through  electro¬ 
static  interactions.  Based  on  the  length  of  the  copolymeric  chain  or  characteristic  of  block 
copolymer  expected  release  profile,  loaded  drug  stability  could  be  achieved. 

Usually,  micelles  formed  from  amphiphilic  block  copolymers  are  particularly  stable  to  dilu¬ 
tion  and  may  exhibit  prolonged  circulation  in  vivo.  Diameters  of  targeted  nanoarchitects  may 
not  exceed  100—150  nm  in  size,  which  is  able  to  escape  reticuloendothelial  system  uptake  and 
resultantly,  enhance  circulation  and  dwelling  time  inside  the  blood.  Therefore  the  size  of  the 
polymeric  architect  is  a  key  feature  to  enhance  the  biodistribution  of  loaded  bioactives. 
Preparation  of  the  desired  characteristic-comprised  block  copolymer  is  achieved  through  vari¬ 
ous  techniques  such  as  chain  extension,  emulsion-based  method,  polymerization  encouraged 
self-assembly  (PISA),  reversible  adding  fragmentation  chain  transfer  (RAFT),  etc.  Some  further 
experimental  challenges  would  be  managed  through  the  exact  connection  between  polymeric 
blocks  based  on  their  range  and  strength,  which  depend  on  their  specificity.  Strategically 
keeping  ionic  moieties  at  the  specific  site  might  provide  a  favorable  methodology. 

The  future  development  of  new  polymers  will  surely  lend  greater  flexibility  and  poten¬ 
tial  to  delivery  systems  based  on  copolymers  and  block  copolymers.  The  use  of  copoly¬ 
mers  and  block  copolymers  is  a  feasible  and  attractive  alternative  to  standard  formulation 
techniques.  In  particular,  entrapment  in  polymeric  micelles  may  provide  a  viable  approach 
for  stabilizing  substances  during  systemic  circulation.  The  use  of  these  polymers  for  deliv¬ 
ery  purposes  will  likely  increase  as  scientists  are  confronted  with  more  and  more  challeng¬ 
ing  compounds  and  biologicals. 
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FT-IR  Fourier  transform  infrared 

NMR  nuclear  magnetic  resonance 

PLGA  poly(lactic  acid)  (PLA)  or  poly(glycolic  acid) 
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HPMA 

PVP 

PEI 

PGA 

PS-b-PMMA 

OEG 

PAA-g-PS 

MMA 

DMAEMC 

TMAEMC 

SBS 

Tg 

CMC 

PAA 

PNIPAM 

PAA 

DOX 

PISA 

RAFT 

PS-b-PMMA 

DAAm 

HPMA 

IC50 

PLA 

PNIPAAm 

ME02MA-co-OEGMA 

LA 

CA 

poly(OEMA-b-PDEA-b- 

PEGA) 

PVP 

ERT 

SCID 

ADA 

GP-PCL 


N-(2-hydroxypropyl)  methacrylamide  copolymers 

poly(vinylpyrrolidone) 

poly(ethyleneimine) 

poly(glutamic  acid) 

poly(styrene-r-methylmethacrylate) 

oligo  (ethylene  glycol) 

poly  (acrylic  acid) /polystyrene 

monomers  methyl  methacrylate 

N-dimethylamino  ethyl  methacrylate  hydrochloride 

N-trimethyl  aminoethyl  methacrylate  chloride 

styrene-butadiene-styrene 

glass  transition  temperature 

critical  micelle  concentration 

poly(acrylic  acid) 

poly(AMsopropylacrylamide) 

poly(acrylic  acid) 

doxorubicin 

polymerization  encouraged  self-assembly 
reversible  adding  fragmentation  chain  transfer 
poly(styrene)-block-poly(methyl  methacrylate) 
diacetone  acrylamide 
N-(2-hydroxypropyl)  methacrylamide 
inhibitory  concentration 
poly-co-lactic  acid 
poly(AMsopropyl  acrylamide) 
methacrylate-co-oligo(ethylene  glycol)methacrylate 
lipoic  acid 
cholic  acid 

poly(oxopentanoate  ethyl  methacrylate)-block-poly(pyridyl  isulfide  ethyl  acrylate)- 

block-poly(ethylene  glycol  acrylate) 

polyvinyl  pyrrolidone 

enzyme  replacement  therapy 

severe  combined  immunodeficiency  disease 

adenosine  deaminase 

glycopolymer-b-poly(e-caprolactone) 
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6*1  INTRODUCTION 


Global  competition  is  increasing  rapidly  as  a  result  of  which  pharmaceutical  companies 
are  facing  continuous  challenges  to  evolve  and  develop  novel  and  efficient  manufacturing 
processes  in  the  pursuit  of  providing  efficacious  and  affordable  pharmaceutical  products 
(Mangal  et  al.,  2015).  In  recent  years,  many  types  of  research  have  been  focused  on  the 
development  of  novel  polymeric  materials  and  tailoring  their  properties  for  pharmaceuti¬ 
cal  and  biomedical  applications.  Polymers  are  characterized  by  various  physiochemical 
properties  based  on  many  factors  including  their  molecular  weight  (MW),  polymerization, 
configuration,  percentage  of  crystallinity,  and  conformation.  Tailoring  of  these  properties 
provides  opportunities  to  address  challenges  related  to  drug  formulation,  especially  con¬ 
trolled  release  delivery  systems  (Debotton  and  Dahan,  2017). 

In  the  pharmaceutical  industry,  polymers  are  used  to  improve  and  control  the  delivery 
of  medications,  coating  materials,  binders,  drug  carriers,  protective  agents,  and  taste  mask¬ 
ing  agents  (Shinde  et  al.,  2017).  In  the  biomedical  field,  polymers  have  accounted  for 
remarkable  changes  due  to  the  functionality  that  they  provide.  Polymers  are  inexpensive, 
light,  electrically  and  mechanically  tough  in  addition  to  having  excellent  compatibility 
with  inorganic  as  well  as  organic  materials  for  developing  multifunctional  hybrid  systems. 
Polymers  can  be  biocompatible  and/or  biodegradable  (Ribeiro  et  al.,  2015).  Biodegradable 
polymers  tend  to  degrade  under  normal  environmental  conditions,  which  can  be  consid¬ 
ered  as  a  characteristic  that  offers  high  potential  for  many  medical  applications  such  as 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


6.1  INTRODUCTION 


205 


tissue  engineering,  gene  therapy,  drug  delivery  systems,  temporary  implantable  devices, 
regenerative  medicine,  and  coatings  on  implants  (Doppalapudi  et  al.,  2014;  Patel  and 
Chakraborty,  2013).  This  chapter  discusses  polymers'  definition  and  their  general  proper¬ 
ties,  methods  of  preparation,  major  classifications  based  on  different  criteria  along  with 
the  properties  and  characteristics  of  each  class,  advantages  of  polymers  over  other  materi¬ 
als,  especially  in  the  medical  field,  and  their  various  possible  applications  in  the  pharma¬ 
ceutical  and  biomedical  sectors. 


6.1.1  Historical  Aspects 

The  use  of  synthetic  polymers  for  medical  purposes  has  been  discovered  recently. 
However,  natural  polymers  have  been  used  medically  for  several  millennia.  Thousand  of 
years  ago,  Egyptians  and  ancient  Babylonians  used  hemp,  flax,  and  catgut  as  surgical 
sutures  (Kayvon  Modjarrad,  2014).  Around  1600  BC  Marathi  Indians  used  natural  rubber 
to  make  balls  (Denis  et  al.,  2011).  The  word  rubber  was  coined  by  Joseph  Priestly  in  1770, 
who  used  it  to  "rub  out"  the  marks  produced  by  black  pencils.  In  1826,  Michael  Faraday 
elucidated  the  composition  of  rubber  by  careful  elementary  analysis.  In  1839,  Charles 
Goodyear  vulcanized  rubber  to  improve  its  resistance  to  a  wider  range  of  temperatures. 
However,  it  was  only  in  1860  when  Greville  Williams  discovered  the  major  chemical  com¬ 
ponent  of  rubber.  Williams  named  the  product  from  the  destructive  distillation  process  of 
rubber  isoprene  (Ali  Shah  et  al.,  2013;  Stahl,  1981). 

Polyvinyl  chloride  (PVC)  is  a  synthetic  polymer  that  was  discovered  at  the  end  of  the 
19th  century.  In  the  early  1900s,  Hendrik  Baekeland  studied  the  reaction  of  phenol  and 
formaldehyde,  when  a  rigid  lightweight  material  was  obtained,  which  he  named  as 
"Bakelite."  This  compound  was  simply  classified  as  "colloids"  because  the  macromolecu- 
lar  nature  was  still  questionable.  Researchers  observed  the  difference  in  the  properties  of 
these  compounds  as  compared  with  smaller  molecules.  They  were  neither  able  to  evapo¬ 
rate  nor  crystallize  these  "colloids"  and  considered  their  solubilization  as  unusual.  Since 
the  available  techniques  were  unable  to  prove  the  presence  of  covalent  bonds  within  the 
molecules,  it  was  not  possible  to  discriminate  them  from  other  strong  noncovalent  interac¬ 
tions  between  molecules  (Denis  et  al.,  2011;  Kayvon  Modjarrad,  2014). 

Most  polymers'  preparation  methods  and  research  remained  isolated  events  until 
Hermann  Staudinger  proposed  the  macromolecular  concept  in  1917.  In  1910,  Staudinger 
studied  the  polymerization  of  isoprene.  After  observing  the  dissimilarities  in  physical 
properties  of  synthetic  rubber  as  compared  with  natural  rubber,  the  major  focus  was  given 
to  study  polymers.  Staudinger  published  over  19  papers  between  1922  and  1930,  focusing 
on  the  chemistry  of  rubber  alone.  During  those  years,  many  other  polymers  were  prepared 
and  considered  as  high  MW  compounds  such  as  vinyl  acetate,  methyl  orthosilicate,  ethyl¬ 
ene  oxide,  acrylic  acid,  vinyl  chloride,  adipic  anhydride,  ethylene,  and  decamethylene 
dibromide.  In  most  instances,  the  authors  explained  their  experiments  by  citing  the 
polymer  models  of  Meyer  and  Mark,  as  well  as  Staudinger.  In  1928,  Wallace  Carothers 
began  a  series  of  studies  to  establish  the  macromolecular  concept.  He  studied  the  prepara¬ 
tion  processes  and  the  properties  of  many  polymers  including  polyesters,  polyanhydrides, 
polyamide  (PA),  and  polychloroprene.  Carothers  restated  and  extended  the  concepts  of 
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Meyer  and  Mark,  and  Staudinger,  with  massive  documentation  and  careful  reasoning,  and 
the  chain  concept  of  polymers  was  accepted  without  further  criticism  (Morawetz,  2014; 
Stahl,  1981).  In  1953,  Staudinger  received  the  Nobel  Prize  in  chemistry  and  his  theory  was 
supported  by  many  other  types  of  research.  Mark  studied  the  relationship  between  the 
polymer's  MW  and  the  viscosity  of  its  solution,  elucidating  that  cellulose  was  made  of 
giant  molecules  (Denis  et  al.,  2011). 


6*1*2  Polymers 

The  term  polymer  is  derived  from  two  Greek  words,  poly,  meaning  "many,"  and  meros, 
meaning  "parts,"  literally  meaning  "many  parts."  A  polymer  is  generally  defined  as  a 
macromolecule  that  is  composed  of  a  long  chain  of  several  repeating  units,  termed  as 
monomers.  Polymers  are  formed  by  polymerization  of  monomers,  which  can  either  be  of 
one  type  (i.e.,  homopolymers)  or  of  several  types  (i.e.,  copolymers).  Polymers  possess 
diverse  properties  because  each  polymer  molecule  is  made  of  many  parts  (monomers)  that 
vary  in  their  sequence  and  the  length  of  polymer  chains  (Brady  et  al.,  2016). 

A  polymer  size  can  be  described  either  by  the  number  of  repeating  units  or  by  its 
mass.  The  number  of  repeating  units  is  referred  to  as  the  degree  of  polymerization.  The 
polymer's  relative  molar  mass  is  determined  by  the  relative  molar  mass  of  the  mono¬ 
mers  and  the  degree  of  polymerization  (Selke  and  Culter,  2016).  However,  the  polymer's 
composition  and  its  average  molecular  mass  are  not  enough  to  predict  the  final  proper¬ 
ties  of  the  polymer.  The  structural  composition  of  polymers  plays  a  major  role  in  the 
behavioral  differences  displayed  by  two  samples  having  the  exact  same  composition 
and  average  MW.  Such  behavioral  differences  can  be  expressed  as  the  gross  topology  of 
the  polymer's  chain  (linear,  branched,  cross-linked  network),  the  monomer  sequence 
within  the  chains  themselves  (block  A— B  copolymer,  random  A— B  copolymer),  or  the 
total  number  of  monomers  within  the  same  chain  as  shown  in  Fig.  6.1  (Brady  et  al., 
2016;  Nairn,  2007). 

Polymers  can  be  classified  as  biodegradable  and  nonbiodegradable  polymers 
according  to  their  biodegradability.  Biodegradable  polymers  offer  an  important  role  in 
diverse  pharmaceutical  and  biomedical  fields  due  to  their  minimal  to  no  toxicity  and 
biocompatibility  with  biological  tissues  and  cells.  Moreover,  such  polymers  do  not 
require  surgical  removal  when  used  due  to  the  fact  that  they  get  degraded  over  time. 
Examples  of  some  of  the  biodegradable  polymers  include  polyglycolic  acid  (PGA), 
polycaprolactone  (PCL),  polylactic  acid  (PLA),  and  polylactic  glycolic  acid  (PLGA). 
Nonbiodegradable  polymers  are  mostly  used  in  drug  delivery  systems  because  they 
can  achieve  near-zero-order  kinetics  concerning  drug  release;  such  polymers  include 
polyvinyl  alcohol  (PVA),  polysulfone  capillary  fiber,  and  ethylene  vinyl  acetate. 
Polymers  have  been  extensively  investigated  and  studied  as  carrier  systems  for 
therapeutic  compounds  due  to  various  advantages  including  improved  drug  stability, 
enhanced  targeting,  and  reduced  toxicity.  The  application  of  polymeric  systems  for 
unstable  drugs  such  as  resolving  to  offer  protection  and  increase  drug  half-life  is  a 
common  example  (Cholkar  et  al.,  2017;  Kumari  et  al.,  2016).  However,  polymeric  mate¬ 
rials  also  play  a  vital  role  in  the  diagnostic  field.  Many  diagnostic  agents  are 
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FIGURE  6.1  (A)  Types  of  copolymers  for  a  polymer  with  the  same  composition  (50:50  A:B).  For  a  specific 

example,  consider  this  50:50  AB  type  copolymer  that  consists  of  acrylic  acid  and  ethyl  acrylate.  These  two 
polymeric  materials  have  an  equal  composition  and  average  molar  mass,  yet  the  solution  properties  and  melting 
properties  are  significantly  different.  (B)  Diagrammatic  examples  of  polymer's  chain  architectures. 


polymeric-based  materials  that  are  currently  used  in  various  diagnostic 
techniques  including  imaging,  fluorescence,  magnetic  resonance  imaging  (MRI),  single 
photon  emission  computed  tomography  (SPECT),  and  positron  emission  tomography 
(PET)  (Srinivasan  et  al.,  2015). 


6.1*3  Advantages  of  Polymer 

The  main  advantage  of  polymeric  compounds  is  that  they  provide  a  diversity 
of  chemical  and  physical  characteristics.  Therefore,  the  desired  properties  can  be 
obtained  by  altering  the  physiochemical  properties  of  polymers  by  changing  the  poly¬ 
mer's  MW  and  type,  the  monomer's  structure,  copolymerization,  the  percentage  of 
crystallinity,  and  blending  with  other  polymers.  For  instance,  cellulose  ethers  can  be 
found  in  various  MWs  providing  different  viscosities  when  formulated  as  aqueous 
systems.  Moreover,  certain  types  of  polymethacrylates  are  insoluble  in  the  acidic 
medium  but  soluble  in  an  alkaline  medium,  which  makes  them  suitable  for  the  prepa¬ 
ration  of  enteric  coated  formulations.  However,  changing  the  copolymer  composition 
of  certain  polymethacrylates  can  yield  insoluble  polymers,  making  them  suitable  as  an 
insoluble  film  coating  to  prepare  sustained-release  dosage  forms  (Pious  and  Thomas, 
2016;  Jones,  2004). 

The  majority  of  polymers  can  be  easily  functionalized  by  prepolymerization  or  postpo¬ 
lymerization  methods,  in  which  some  functional  groups  are  added  to  the  structure  of  the 
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FIGURE  6.2  Applications  of  poly¬ 
mers  in  various  fields. 


polymer.  Therefore,  the  options  in  terms  of  polymer  architectures,  polymer  chemical  struc¬ 
ture,  and  polymer  modifications  are  of  a  very  wide  range,  which  offers  almost  an  infinite 
number  of  possible  applications  for  these  smart  materials  (Aguilar  and  Roman,  2014). 
Fig.  6.2  represents  the  applications  of  polymers  in  various  fields.  For  example,  the  water 
solubility  of  polymeric  materials  can  be  manipulated  by  increasing  their  chain  length  or 
by  hydrophilizing  or  hydrophobizing  them  with  copolymers.  All  of  these  factors  led  to  the 
wide  and  diverse  range  of  applications  of  polymers  in  the  pharmaceutical  industry,  which 
can  serve  as  binders  in  tablet  dosage  form  and  flow  and  viscosity  controlling  agents  in  liq¬ 
uid  dosage  form.  Polymers  are  also  used  in  tablets  as  coating  materials  to  mask  unpleasant 
drug  taste,  to  modify  drug  release  characteristics,  and  to  enhance  drug  stability.  Polymeric 
materials  when  formulated  as  micelles  can  enable  and  enhance  the  administration  of 
hydrophobic  drugs  (Gandhi  et  al.,  2012). 

6*1*4  Characteristics  of  Ideal  Polymer  for  Biomedical  Applications 

As  mentioned  in  the  previous  section,  polymers  exhibit  a  highly  versatile  range  of  prop¬ 
erties,  structures,  and  functions.  Unlike  ceramics  and  metals,  polymers  can  be  constructed 
and  manufactured  in  various  forms  that  can  range  from  porous  forms  and  flexible  fibers 
to  hard  nonporous  materials  (Poole- Warren  and  Patton,  2016).  The  ideal  polymer  does  not 
actually  exist  but  polymeric  materials  can  be  engineered  and  synthesized  to  match  the 
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required  specifications  to  meet  the  desired  biomedical  functions.  For  example,  while 
designing  biodegradable  polymers,  many  important  properties  must  be  considered  such 
as  the  need  for  producing  nontoxic  products  after  degradation  that  get  readily  reabsorbed 
or  excreted.  These  polymers  and  their  degradation  products  must  not  provoke  a  sustained 
inflammatory  response,  and  they  should  also  possess  appropriate  mechanical  properties, 
permeability,  and  processability  for  their  intended  application  (Ulery  et  al.,  2011). 
Improving  the  hemocompatibility  of  biomaterials  is  a  major  issue  due  to  the  thrombosis 
that  occurs  on  the  blood— biomaterial  interface  as  a  result  of  the  interactions  induced  by 
the  surface  of  the  biomaterial,  which  is  considered  to  be  a  common  complication  with  arte¬ 
riovenous  grafts  therapy.  Anyhow,  preventing  the  surface-induced  thrombosis  by  using 
superhydrophobic  biomaterials  such  as  polystyrene  (PS)  nanotube  films  will  reduce  the 
platelet  adhesion  that  leads  to  blood  coagulation  due  to  the  hydrophobic  nature  of  their 
surfaces  (Bassas-Galia  et  al.,  2016;  Mao  et  al.,  2009).  As  compared  with  metals  and 
ceramics,  polymers  are  more  flexible,  lightweight,  easily  processed,  and  more  available. 
However,  ceramics  and  metals  exhibit  better  mechanical  properties.  Therefore,  to  improve 
both  the  mechanical  and  physical  properties  of  some  polymers,  they  are  usually  blended 
with  other  polymers;  sometimes  fibers  and  nanoparticles  are  incorporated  together  (Ibrahim 
et  al.,  2017).  Polyethylene  (PE)  can  be  produced  in  a  various  range  of  densities  depending 
on  the  method  of  preparation  used;  it  can  be  prepared  with  the  high-pressure  process  to 
produce  low-density  PE  or  by  Phillips  process  to  yield  high-density  polyethylene  (HDPE) 
and  ultrahigh  MW  polyethylene  (UHMWPE).  HDPE  and  UHMWPE  are  the  two  most 
common  types  of  PE  that  are  used  in  medical  applications  such  as  knee  replacement,  heart 
valves,  and  sutures  (Sofia  et  al.,  2014;  Teoh  et  al.,  2016).  Polytetrafluoroethylene  (PTFE)  is  a 
highly  resistant  polymer,  insoluble  in  any  type  of  solvent  below  300° C,  and  possesses  elec¬ 
trical  and  dielectric  properties.  Expanded  polytetrafluoroethylene  (ePTFE)  plays  a  major 
role  in  various  fields;  it  is  used  for  making  medical  implants,  high-performance  fabrics, 
fibers,  membranes,  dielectric  materials,  gaskets,  and  sealants  (Sina  Ebnesajjad,  2017;  Teoh 
et  al.,  2016). 


6*2  CLASSIFICATION  AND  CHARACTERISTICS  OF  POLYMERS 


One  of  the  oldest  criteria  in  classifying  polymers  is  based  on  the  structure  of  the 
polymer.  This  classification  was  originally  proposed  in  1929  by  Carothers,  who  classified 
polymers  into  two  types:  condensation  and  addition  polymers  (Enrique  Saldivar-Guerra 
and  Vivaldo-Lima,  2013).  Another  set  of  popular  classification  criteria  is  based  on  polymer 
origin,  which  mainly  includes  natural-based  polymers  and  synthetic  polymers.  Polymers 
have  other  classifications  based  on  their  polymorphism,  structure  whether  it  is  linear, 
branched  or  cross-linked,  and  molecular  forces  (Nicholson,  2017).  Stimuli-responsive 
polymers  (smart  polymers)  have  received  great  attention  recently  due  to  the  unique 
characteristics  they  possess,  which  will  be  discussed  more  in  Section  7.21  along  with  the 
other  types  of  polymers. 
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6*2*1  Source-Based  Classification 

Polymers  can  be  classified  into  three  classes  based  on  their  source  of  origin,  namely, 
natural  polymers  that  are  obtained  directly  from  a  natural  origin,  semisynthetic  polymers 
that  are  basically  synthetically  modified  natural  polymers,  and  synthetic  polymers  that  are 
completely  synthesized  in  laboratories. 


6.2.1.1  Natural  Polymers 

Natural  polymers  are  a  class  of  polymeric  materials  termed  as  "natural"  based  on  their 
source  (nature).  However,  when  polymers  are  obtained  from  either  animals  or  plants,  they 
are  termed  as  "biopolymers."  Biopolymers  include  proteins,  polysaccharides,  and  polynu¬ 
cleotides.  Other  polymers  include  thermosets,  thermoplastics,  rubbers,  and  elastomers. 
Natural  polymers  have  received  great  attention  for  their  beneficial  characteristics  such  as 
biodegradability,  lack  of  toxicity,  safety,  availability,  and  low  cost.  However,  natural  poly¬ 
mers  are  susceptible  to  microbial  contamination  when  exposed  to  the  external  environ¬ 
ment.  Natural  polymers  can  be  further  classified  based  on  their  origin;  see  Table  6.1 
(Kharkwal  et  al.,  2017;  Olatunji,  2016). 

Polysaccharides  are  polymers  of  amino  sugars  or  glucose  linked  by  acetic  bonds. 
Polysaccharides  have  a  diverse  range  of  applications  in  many  different  fields,  most  impor¬ 
tantly  in  the  pharmaceutical  industry,  in  which  they  are  used  as  coating  agents,  emulsify¬ 
ing  and  gelling  agents,  polymer  matrices,  and  in  the  formulation  of  tablets.  Proteins  also 
have  their  role  in  the  pharmaceutical  industry  especially  collagen,  gelatin,  silk  fibroin,  and 
wheat  gluten.  Natural  polymers  might  be  difficult  to  separate  or  contain  impurities  and 
undesired  compounds  after  extraction.  Therefore,  some  of  these  polymers  are  being  repli¬ 
cated  in  the  laboratories  to  avoid  these  problems  (Olatunji,  2016).  Cellulose  is  one  of  the 
most  abundant  natural  polymers  that  is  produced  by  plants  and  used  in  diverse  industries 
such  as  fibers,  clothes,  paper  and  woods,  cosmetics,  veterinary  foods,  and  most  impor¬ 
tantly  in  pharmaceutical  formulations.  Various  semisynthetic  forms  of  cellulose  have  been 
prepared  such  as  cellulose  esters  and  cellulose  ethers.  These  cellulose  derivatives  are 
widely  used  as  excipients  in  pharmaceutical  preparations  for  many  purposes  such  as  bin¬ 
ders,  fillers,  thickening  agents,  compressibility  enhancers,  and  gelling  agents  (Shokri  and 
Adibkia,  2013). 

TABLE  6.1  Classification  and  Examples  of  Some  Natural  Polymers  According  to  Their  Origin 


Origin  of  Natural  Polymer 

Animal 

Plant 

Microbes 

Algae 

Fungus 


Polymer 

Gelatin,  hyaluronan,  chitin 

Cellulose,  starch,  hemicellulose,  agar,  pectin,  guar  gum,  psyllium,  gum  acacia,  lignin 
Xanthan,  gellan,  hyaluronan,  curdlan 
Carrageenan,  alginate,  agar 

Schizophyllan,  cardlan,  scleroglucan,  pullulan,  chitin 
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6. 2.1.2  Synthetic  Polymers 

Manmade  polymers  can  be  considered  as  relatively  modern  materials  since  they  were 
introduced  to  the  practical  market  at  the  beginning  of  the  20th  century.  Synthetic  polymers 
are  made  by  chemical  reactions,  and  the  actual  possibilities  of  creating  different  types  of 
polymers  are  basically  endless,  making  the  laws  of  chemistry  and  thermodynamics  the 
only  restrictions  for  it  (Enrique  Saldivar-Guerra  and  Vivaldo-Lima,  2013).  Synthetic  poly¬ 
mers  offer  various  applications  in  the  medical  industry  due  to  their  wide  range  of  physio- 
chemical  properties.  Also,  some  specific  functional  characteristics  of  some  polymers  such 
as  the  semipermeable  membranes  of  biopolymers  or  polymers  are  used  either  as  a  drug 
delivery  system  or  for  hemodialysis.  Additionally,  the  use  of  membranes  for  responsive 
drug  release  is  possible  by  using  membranes  of  polymers  that  can  swell  or  collapse  in 
response  to  certain  stimuli  including  the  temperature  and  pH  (Maitz,  2015).  Polysiloxanes 
or  silicone  polymers  are  inorganic— organic  polymers,  however,  they  can  be  elastomers, 
fluids,  or  resins.  By  varying  chain  lengths,  crosslinking,  and  side  groups,  a  wide  range  of 
properties  can  be  introduced  to  polymers.  Silicones  have  a  wide  range  of  medical  applica¬ 
tions  due  to  their  desirable  properties  as  they  have  excellent  biocompatibility  and  are 
chemically  inert  (Ortensia  Ilaria  Parisi  et  al.,  2015). 


6*2*2  Structure-Based  Classification 

Various  polymer  structures  have  been  reported  so  far  including  linear,  branched,  and 
cross-linked  structures.  Identifying  the  topology  or  architectural  structure  of  the  polymer 
is  considered  as  one  of  the  most  essential  requirements  to  determine  its  properties  (Takata 
and  Aoki,  2017).  The  relationship  between  polymers'  properties  and  their  structure  will  be 
discussed  in  this  section  along  with  the  main  types  of  polymer  structures. 

6. 2.2.1  Linear  Polymers 

Linear  polymers  can  be  described  as  a  long  chain  of  connected  monomers  that  do  not 
have  any  branching.  Examples  of  such  polymers  are  PE,  nylon  66,  PVC,  and  poly-methyl 
methacrylate  (McKeen,  2017).  Linear  and  branched  polymers  are  both  typically  thermo¬ 
plastics,  meaning  that  they  melt  when  heated  (meltable),  moreover,  they  are  soluble  and 
depending  on  their  glass  transition  temperature  (Tg)  at  room  temperature,  they  can  be 
either  soft  and  flexible  or  hard  and  brittle  (Arndt  and  Krahl,  2013a,b;  Charles  E.  Carraher, 
2017a).  Linear  low-density  polyethylene  (LLDPE)  is  made  by  the  copolymerization  of 
ethylene  with  long  chains  of  olefins.  It  has  many  desirable  properties  including  its  low 
shear  sensitivity  and  melt  flow  properties.  LLDPE  has  many  applications  where  superior 
mechanical  properties  are  needed  such  as  oil  tanks,  traffic  barriers,  automobile  fuel  tanks, 
chemical  tanks,  and  boats  (Ramkumar  et  al.,  2014).  Poly-methyl-methacrylate  (PMMA),  is 
an  amorphous  thermoplastic  polymer  prepared  by  free  radical  polymerization  process  by 
several  methods  (emulsion,  solution,  suspension,  and  bulk).  PMMA  is  lightweight,  transpar¬ 
ent,  shatter  resistant,  has  high  impact  strength,  and  is  used  as  an  inorganic  glass  substitute 
due  to  its  favorable  properties.  PMMA  also  shows  great  qualities  for  biomedical  applications 
including  compatibility,  minimal  inflammatory  reactions  with  biological  tissues,  easy 
processability,  low  cost,  and  nontoxicity  (Abdul  Amer  et  al.,  2014;  Ali  et  al.,  2015). 
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6.2.2.2  Branched  Polymers 

Branched  polymers  are  linear  backbone  polymers  that  have  side  chains  (branches)  aris¬ 
ing  from  the  same  polymer  connected  to  it.  The  branches  can  also  be  branched  except  for 
the  end  of  all  branches,  which  are  not  usually  attached  to  any  other  chains.  There  are 
many  types  of  branched  polymers  such  as  star-shaped  polymers,  dendritic  polymers,  and 
brush  polymers  (McKeen,  2017).  Branched  polymers  are  generally  meltable,  soluble,  and 
possess  low  crystallinity  (Arndt  and  Krahl,  2013a,b).  An  example  of  a  branched  polymer  is 
PE,  which  is  prepared  by  free-radical  polymerization  at  a  temperature  between  100°C  and 
300°C  and  a  pressure  between  1000  and  3000  atm.  The  resultant  polymers  will  have 
around  20—30  butyl  and  ethyl  branches  within  every  1000  carbon  atoms.  These  polymers 
differ  significantly  from  linear  PE  and  are  not  used  for  the  same  applications.  A  branched 
macromolecule  generally  produces  more  compact  coils  as  compared  with  a  linear  polymer 
with  an  equal  MW  (Rudin  and  Choi,  2013). 

Synthesis  of  branched  polymers  can  also  take  place  inside  human  bodies  and 
animals  by  enzymatically  catalyzed  polymerization  process  such  as  glycogen  synthesis 
from  glucose  (Zhai  et  al.,  2016).  Traditional  nylon  or  PA  is  linear  but  due  to  its  high 
viscosity  and  low  melt  flowability.  Various  branched  forms  have  been  developed  to 
overcome  these  disadvantages.  Star-branching  of  nylon  results  in  polymers  with  lower 
viscosity  and  better  flowability  as  compared  with  linear  nylon  (Wang  et  al.,  2015).  Star- 
branched  PA  6  is  prepared  by  a  cationic  ring-opening  polymerization  process  and  has 
several  properties  that  provide  many  advantages  for  possible  engineering  applications 
(Zhu  et  al.,  2015). 


6.2.2. 3  Cross-Linked  Polymers 

Cross-linked  polymers  are  linear  chains  (backbones)  attached  to  each  other  by  multi¬ 
functional  units  to  form  a  network  (Pathania  et  al.,  2017).  Cross-linked  or  network 
polymers  are  considered  as  thermoset  polymers  meaning  that  they  do  not  melt  when 
heated;  instead,  they  decompose  prior  to  melting.  The  density  of  cross-linking  can  vary 
from  low  (e.g.,  rubber  band)  to  high  (e.g.,  ebonite)  (Charles  E.  Carraher,  2017a).  Structural 
and  molecular  characteristics  of  crosslinked  polymer  networks  are  not  only  presented  by 
the  chemical  constitution  of  their  chains,  but  also  by  their  boundary  conditions  such  as 
cross-linking  density  and  other  external  influences  (e.g.,  tension  strain)  (Magomedov  et  al., 
2011).  Phenol /formaldehyde  resin,  also  known  as  Bakelite,  is  a  highly  cross-linked 
polymer,  prepared  mainly  by  condensation  polymerization  of  phenol  and  formaldehyde 
in  presence  of  an  acidic  or  basic  catalyst.  Bakelite  has  a  wide  variety  of  applications  such 
as  children's  toys,  jewelry,  firearms,  pipe  stems,  telephone  castings,  and  electrical  insula¬ 
tors,  due  to  its  heat  resistance  and  electrical  nonconductivity  (Solyman  et  al.,  2017).  One  of 
the  most  popular  applications  of  cross-linked  polymeric  systems  is  hydrogels.  Hydrogels 
are  a  hydrophilic,  three-dimensional  polymeric  system  that  has  the  capacity  to  absorb 
water  in  relatively  high  quantities.  Hydrogels  have  a  wide  range  of  applications  in  the 
medical  field  such  as  drug  delivery  systems,  dressings,  a  scaffold  for  tissue  engineering, 
implants,  and  medicated  patches  (Parhi,  2017). 
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6.2.2A  Biopolymers 

Biopolymers  are  biodegradable  polymers  produced  by  living  organisms.  However, 
polymers  that  are  synthesized  chemically  by  humans  from  biological  sources  such  as 
vegetable  oils,  fats,  resins,  sugars,  proteins,  and  amino  acids  can  also  be  described  as 
biopolymers  (Hernandez  et  al.,  2014).  As  compared  with  synthetic  polymers,  biopolymers 
are  more  structurally  complex  with  precise  and  defined  3D  shapes.  Classifications  of  bio¬ 
polymers  are  shown  in  Fig.  6.3.  Their  defined  3D  shape  is  what  makes  them  active  mole¬ 
cules  in  vivo.  Biodegradable  biopolymers  come  from  renewable  resources  that  allow  them 
to  replace  or  substitute  the  fossil  fuel— based  polymers.  Biodegradable  biopolymers  are 
usually  synthesized  from  sugar,  starch,  or  natural  fibers  (Mohan  et  al.,  2016).  Acacia  gum 
or  gum  Arabic  is  a  biopolymer  produced  by  the  acacia  tree.  It  is  an  edible  polymer  with 
various  health  benefits  including  its  antioxidant  properties  and  has  a  role  in  lipid  metabo¬ 
lism.  This  biopolymer  is  mainly  composed  of  carbohydrates  and  proteins,  and  has  been 
used  for  diverse  applications  in  industries  such  as  ceramics,  pharmaceutical  preparations, 
encapsulation,  lithography,  and  food  (Mariana  A.  Montenegro  et  al.,  2012). 


Biopolymers 


Repeating  units 


Polysaccharides 


Proteins 


=  Nucleic  acids 


Degradability 


Biodegradable 


1=  Nonbiodegradable 


Polymer  backbone  = 


Polycarbonates 


Polysaccharides 


Polyamides 


Polyesters 


Vinyl  polymers 


FIGURE  6.3  Classifications  of  biopolymers. 

6*2*3  Crystallinity-Based  Classification 

Factors  that  influence  the  crystallization  process  of  polymers  include  crystallization 
temperature,  MW,  nucleating  agents,  and  comonomer  content.  The  effect  of  both  crystalli¬ 
zation  temperature  and  MW  lead  to  significant  changes  in  the  properties  and  morphology 
that  result  from  small  variations  in  these  parameters  (Baldenegro-perez  et  al.,  2014). 
Determining  and  understanding  the  polymer's  degree  of  crystallinity  is  considered  to  be 
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very  important  due  to  the  physical  properties  that  are  affected  by  it,  such  as  permeability, 
melting  temperature,  storage  modulus,  and  density.  A  direct  measuring  of  the  polymer's 
degree  of  crystallinity  can  provide  a  fundamental  property  that  can  allow  prediction  of 
other  physical  properties  (Blaine,  2013). 

6.2.3.1  Crystalline 

Polymer  crystals  do  not  meet  the  concept  of  ideal  crystals  due  to  the  structural  disorder 
existing  inside  the  polymer  crystals  and  the  fact  that  the  long-range  three-dimensional 
order  does  not  present  in  polymeric  materials.  Compared  with  nonpolymeric  crystalline 
materials  (e.g.,  metal  crystals),  polymeric  materials  cannot  be  completely  crystalline. 
Polymer  crystals  are  in  fact  semicrystalline,  meaning  that  they  consist  of  lamellae  (crystals) 
surrounded  by  an  amorphous  phase  and  producing  highly  interconnected  networks 
(Rosa,  Auriemma,  2014).  Polymer-specific  factors  that  prevent  the  production  of  complete 
crystals  include  the  fact  that  polymers'  chain  mobility  is  restricted  by  the  entanglements  of 
the  coiled  chains  of  macromolecules;  the  diversity  in  the  MWs  of  a  single  polymer  type, 
which  results  from  the  differences  in  the  length  of  polymers  chains;  as  well  as  the  defects 
in  the  chain  end  due  to  the  restricted  chain  lengths  of  polymers  (Michler,  2008).  Polymers 
with  simple  structural  chains  such  as  linear  polymers  will  result  in  a  good  crystallinity 
with  a  slow  cooling  rate.  Whereas  polymers  with  a  high  degree  of  crystallinity  have  high 
melting  points  and  are  rigid  with  low  impact  resistance.  Examples  of  crystalline  polymers 
include  PE,  PET,  and  polyester  (Balani  et  al.,  2015). 

6.2.3. 2  Semicrystalline 

Semicrystalline  polymers  consist  of  both  the  crystalline  (ordered)  and  amorphous 
(random)  microsized  regions.  Polymers  such  as  PE,  PA  6,  and  polypropylene  (PP)  are 
considered  as  widely  used  materials  (Drongelen,  2015;  Rozanski  and  Galeski,  2012).  Some 
polymers  exist  in  both  semicrystalline  and  amorphous  states  such  as  polyethylene 
terephthalate  (PET)  (Becker  et  al.,  2011).  PP  is  a  widely  used  semicrystalline  polymer  that 
has  more  than  one  crystalline  form.  The  most  widely  used  form  is  the  alpha  or  monoclinic 
form.  More  than  50%  of  plastics  used  in  automobiles  are  made  from  PP.  The  extensive  use 
of  PP  is  due  to  its  mechanical  properties,  low  cost,  environmental  stability,  and  moldabil- 
ity  (Moritomi  et  al.,  2010;  Sharma  and  Maiti,  2015).  PET  is  composed  of  ethylene  glycol 
copolymer  with  either  dimethyl  terephthalate  or  terephthalic  acid.  It  shows  great  thermal 
and  mechanical  properties,  melt  processability,  and  low  permeability  to  oxygen  and 
carbon  dioxide.  PET  is  widely  used  as  packaging  material  (Farhoodi  et  al.,  2012). 

6.2.3. 3  Amorphous 

Amorphous  polymers  are  considered  as  excellent  alternatives  to  conventional  glass 
owing  to  their  many  advantageous  properties  including  their  low  density  and  the  fact  that 
they  are  relatively  easy  to  form.  Amorphous  polymers  are  used  in  various  fields  that  differ 
notably  in  their  application,  and  such  applications  include  aircraft  canopies,  protective 
eyewear,  constructions  of  transparent  buildings,  and  glazing  of  vehicles.  These  applica¬ 
tions  represent  only  a  small  area  of  the  possible  uses  of  these  polymers  in  our  daily  lives 
(Riihl,  2017).  Amorphous  polymers  have  molecular  microstructures  that  remain  irregular 
even  at  low  temperatures  (Nilsson,  2012).  These  polymers  have  low  relative  permittivity 
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(er),  high  breakdown  strength,  low  cost,  and  ease  of  processing  as  advantages  over  pure 
ceramics,  making  this  class  of  polymers  the  current  choice  for  various  emerging  applica¬ 
tions  and  manufacturing  technologies.  Permittivity  can  be  increased  without  the  loss  of 
polymeric  characteristics  by  adding  inorganic  nanoparticles  with  polymeric  materials  with 
higher  er  (Grabowski  et  al.,  2015).  The  thermal  conductivity  of  amorphous  polymers  is 
inhibited  by  many  factors  such  as  entangled  and  highly  coiled  intrachain  structure,  loose 
chain  packing  with  the  presence  of  voids,  and  weak  nonbonding  interchain  interactions 
(e.g.,  dipole— dipole  and  van  der  Waals)  (Shanker  et  al.,  2017). 


6*2*4  Molecular  Force— Based  Classification 

Polymers  can  be  classified  based  on  the  magnitude  of  the  intermolecular  forces  within 
them  into  four  categories:  thermoplastics,  thermosets,  elastomers,  and  fibers.  These  will  be  dis¬ 
cussed  briefly  in  this  section,  including  their  properties  and  synthesis,  with  proper  examples. 

6.2A.1  Thermoplastics 

Thermoplastics  are  linear  or  slightly  branched  polymers  that  are  formed  by  addition 
polymerization  process  (Hasirci  et  al.,  2011).  Thermoplastic  polymers  possess  the  ability 
to  soften  when  heated  and  become  hard  when  cooled  due  to  the  weak  intermolecular  forces 
of  attraction  that  hold  the  polymer  chains  together.  These  polymers  can  be  recycled  or 
reshaped  due  to  the  fact  that  they  can  be  heated  and  cooled  many  times  without  affecting 
the  chemical  nature  of  these  polymers.  Examples  of  thermoplastics  include  polystyrene, 
PVC,  PE,  and  Teflon  (Ching  et  al.,  2017;  Parisi  et  al.,  2014).  PTFE,  or  Teflon,  is  fluoropolymer 
with  high  MW  and  average  melting  point  of  about  325°C— 335°C.  PTFE  has  a  relatively  high 
operating  temperature  and  high  thermal  resistance.  It  has  many  medical  applications  such 
as  coatings  for  biomedical  instruments,  implants,  and  stents.  PTFE  is  also  used  in  insulating 
applications  due  to  its  dielectric  properties  (Dhanumalayan  and  Joshi,  2018).  PVC  is  a  chem¬ 
ically  inert  polymer,  it  can  be  rigid  or  flexible,  in  which  rigid  PVC  can  be  easily  welded, 
machined,  solvent  cemented,  and  heat  formed.  This  polymer  is  a  widely  used  material,  for 
example,  it  can  be  used  as  coatings,  in  electronic  wires,  and  construction-related  products. 
PVC-based  materials  are  generally  made  by  the  addition  of  stabilizers  and  impact  modifiers 
to  PVC  resins.  Chlorinated  polyvinyl  chloride  (CPVC)  can  be  produced  by  chlorination  of 
PVC  resin,  and  it  has  a  higher  temperature  resistance  than  PVC  (McKeen,  2017). 

6.2A.2  Thermoset 

Thermoset  polymers  can  neither  be  reheated  nor  reshaped  like  thermoplastics  due  to 
the  formation  of  irreversible  bonds  resulting  from  cross-linking  reactions  during  the  curing 
process  when  polymer  chains  are  forced  into  molds  with  the  application  of  heat  and  pres¬ 
sure  or  the  addition  of  catalysts  to  form  cross-linked  or  network  structure  (Ching  et  al., 
2017).  These  polymers  are  formed  by  condensation  polymerization,  and  when  compared 
with  thermoplastics,  thermosets  are  stronger,  harder,  and  more  brittle  (Krishnamurthy 
et  al.,  2014).  Thermosets'  thermal  stability  is  generally  good,  and  they  also  show  dimen¬ 
sional  stability,  electrical  properties,  and  chemical  resistance.  Due  to  these  attributes,  they 
have  widespread  use  in  various  applications  such  as  adhesives.  Other  thermosets  include 
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dicyanate,  epoxy,  unsaturated  polyester,  phenolic,  polyurethane,  acrylate,  and  bismalei- 
mide  (Massy,  2017;  Prime,  2009). 

Epoxy  resins  are  a  highly  versatile  class  of  thermosets;  their  properties  range  from  resil¬ 
ient  and  tough  to  strong  and  hard.  Diglycidyl  ether  of  bisphenol  A  is  the  most  common 
resin  found  in  the  market.  Their  wide  applications  include  surface  coatings,  paints,  electri¬ 
cal  equipment,  construction  materials,  adhesives,  and  composite  materials  (Gibson,  2016). 
Acrylic  polymers  are  prepared  by  free  radical  polymerization  process  using  esters  of 
methacrylic  and  acrylic  acids.  Acrylics  show  great  stability  in  their  properties  even  under 
severe  conditions  with  high  resistance  to  water,  chemicals,  heat,  and  UV  light.  They  are 
mainly  used  as  thickeners  and  coatings  for  various  materials  such  as  window  drops,  pile 
fabrics,  and  carpets  (Uddin,  2010). 

6.2A.3  Elastomer 

Elastomers  inherited  their  name  from  the  elastic  properties  they  show.  These  materials 
possess  the  ability  to  recover  after  being  deformed.  Elastomers  consist  of  a  network-joined 
chain  with  a  high  degree  of  flexibility  and  mobility.  The  ability  to  recover  is  due  to  the 
cross-linking  of  the  chains,  in  which  this  joining  prevents  the  chains  when  stretched  from 
irreversibly  sliding  by  one  another  (Mark,  2017).  Elastomers  can  be  either  thermoset  or 
thermoplastic,  which  are  also  referred  to  as  thermoplastic  elastomers  (TPEs)  (McKeen, 
2017).  Many  synthetic  elastomers  and  natural  rubbers  are  available  in  latex  form.  Latex  is 
used  widely  such  as  for  adhering  carpet  fibers  or  for  dipped  articles  (e.g.,  gloves),  but 
mostly  it  is  used  in  dried  coagulant  form  for  the  production  of  mechanical  goods  and  tires 
(Charles  E.  Carraher,  2017b).  Silicone  is  a  dielectric  elastomer  that  is  used  in  optical  appli¬ 
cations.  Several  diffractive  elements  are  based  on  silicone  including  high-speed  beam 
deflectors,  thermal  detectors,  and  interference  gratings  (Guerrero,  2012). 

6.2AA  Fibers 

Fibers  are  continuous  filament  solids  that  possess  high  modulus  and  tensile  strength  due 
to  the  strong  intermolecular  forces  (e.g.,  hydrogen  bonding)  in  their  structures.  These  inter- 
molecular  forces  lead  to  close  packing  of  the  polymer  chains  and  impart  crystalline  nature. 
Compared  with  elastomers  and  plastics,  fibers  possess  much  lower  elasticity.  These  fibers 
include  polyesters  (terylene)  and  PAs  (nylon  6,6)  (Abraham  et  al.,  2016).  Nylons  show  great 
resistance  to  fuels,  oils,  and  organic  solvents.  Nylon  6,6  has  a  high  crystalline  melting  point, 
high  biocompatibility,  high  strength,  and  good  resistance  to  hydrocarbons.  It  is  usually 
employed  as  textile  fibers  when  individual  monofilaments  are  used.  This  includes  brushes, 
surgical  sutures,  and  sports  equipment  (Nicholson,  2017;  Sano  et  al.,  2016). 


6*2*5  Novel  Classes  of  Polymers 

Novel  classes  of  polymers,  also  known  as  smart  polymers,  are  stimuli-sensitive 
polymeric  materials,  and  their  physiochemical  properties  change  in  response  to  external 
stimuli.  Smart  polymers  have  received  noticeable  interest  in  the  last  two  to  three  dec¬ 
ades,  as  these  polymers  have  unique  properties  such  as  being  stimuli  and  environmen¬ 
tally  sensitive,  and  soluble /insoluble.  The  name  "smart"  was  initially  coined  by  Dagani 
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in  1995  due  to  their  observable  similarity  to  biopolymers  (Peponi  et  alv  2017).  Biosensors 
that  use  smart  polymeric  materials  have  been  applied  in  the  clinical  diagnosis  and  foren¬ 
sic  analysis  due  to  the  alterations  of  certain  analyte  concentrations  such  as  the  glucose 
level  in  diabetes  (Thammakhet  et  al.,  2011).  Certain  diseases  can  cause  physical  variables 
within  the  biological  system  including  changes  in  temperature  and  pH,  for  instance,  in  the 
diagnosis  of  gastrointestinal  ischemia,  which  occurs  in  several  diseases,  pH  sensor  can  be 
used  to  quantify  the  partial  pressure  of  C02  in  the  stomach  (Aguilar  and  Roman,  2014). 

New  smart  polymers  have  brought  progress  in  various  purification  techniques  includ¬ 
ing  affinity  precipitation  (Gautam  et  al.,  2012),  aqueous  polymer  two-phase  partitioning 
(Feng  et  al.,  2010),  thermosensitive  chromatography  (Kanno  et  al.,  2011),  and  controlled 
permeation  membranes  (Aguilar  and  Roman,  2014;  Wang  and  Chen,  2007).  Smart  poly¬ 
mers  show  great  potential  in  many  applications  especially  in  the  medical  field  such  as 
smart  drug  delivery  systems,  stimuli-responsive  surfaces,  tissue  engineering,  reversible 
biocatalysts,  bioseparation,  biomimetic  actuators,  molecular  gates  and  switches,  protein 
folding  and  purification,  gene  therapy,  and  reduction  of  radioactive  waste  (Ghizal,  2014). 
Dual-stimuli  responsive  polymeric  systems  are  prepared  by  copolymerization  of  mono¬ 
mers  with  these  functional  groups  or  by  developing  a  new  type  of  monomers  that  can 
respond  simultaneously  to  two  stimuli  (Mahajan  and  Aggarwal,  2011). 

6.2. 5.1  pH-Sensitive  Polymers 

The  pH-sensitive  polymers  are  polyelectrolytes  that  consist  of  a  hydrophobic  backbone 
chain  with  an  ionizable  group  attached  to  it.  These  ionic  functional  groups  are  either  weak 
acidic  such  as  sulfonic  and  carboxylic  acids  or  basic  such  as  pyridine,  amines,  and  imidaz¬ 
ole.  Protonation  and  deprotonation  of  these  ionic  groups  change  the  net  charge  and  the 
ionization  degree  of  the  polymer  chains  (Bazban-Shotorbani  et  al.,  2017).  Those  ionic  func¬ 
tional  groups,  under  certain  pH  conditions,  will  undergo  ionization  that  in  turn  causes 
conformational  changes  in  the  polymer  leading  to  its  swelling  or  dissolution.  For  instance, 
polyacrylic  acid  has  carboxylic  groups  that  get  ionized  in  a  pH  medium  above  its  dissocia¬ 
tion  constant  (pKa  4.25).  The  ionization  causes  an  electrostatic  repulsion  between  the  poly¬ 
mer  chains  that  can  cause  swelling  in  water  (Reyes-Ortega,  2014). 

6.2. 5.2  Temperature  Sensitive  Polymers 

Thermoresponsive  polymers  possess  a  unique  property  since  they  are  able  to  transform 
from  solution  to  gel  state  above  a  certain  temperature.  These  polymers  can  also  be  altered  to 
possess  sol— gel  transition  at  a  certain  temperature.  Thermoresponsive  polymers  are  catego¬ 
rized  based  on  their  response  to  different  temperatures  into  two  classes:  negative 
temperature-sensitive  polymers  and  positive  temperature-sensitive  polymers  (Teotia  et  al., 
2015).  A  negative  temperature-responsive  polymer  such  as  poly(N-isopropyl  acrylamide) 
(PNIPAM)  becomes  insoluble  above  its  critical  temperature,  which  is  referred  to  as  the 
lower  critical  solution  temperature  (LCST)  (Akiyama  and  Okano,  2015;  Islam  et  al.,  2013). 
PNIPAM  applications  are  restricted  due  to  their  toxicity.  In  spite  of  that,  the  knowledge  that 
has  been  acquired  from  research  on  PNIPAM  is  currently  being  used  to  develop  other  ther¬ 
moresponsive  materials.  Poly (N- vinyl  caprolactam)  (PNVCL)  is  currently  considered  an 
encouraging  alternate  because  its  LCST  is  similar  to  that  of  PNIPAM  (Kamaly  et  al.,  2016). 
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6.2. 5.3  Mucoadhesive 

Mucoadhesive  polymers  possess  characteristics  that  facilitate  their  interaction  with 
mucus.  These  polymers  have  suitable  chain  flexibility  at  the  ionic  strength  and  pH  of 
mucus  (Russo  et  al.,  2016).  Mucoadhesive  polymers  can  be  both  water-soluble  and  water- 
insoluble  polymers.  These  polymers  are  networks  that  have  the  ability  to  swell  and  are 
joined  together  by  cross-linking  agents  by  several  processes  including  mutual  adsorption, 
wetting,  and  the  interpenetration  of  mucus  and  polymer  (Saraswathi  et  al.,  2013).  Natural 
mucoadhesive  polymers  include  protein-based  polymers  (e.g.,  collagen,  albumin,  and  gela¬ 
tin),  and  polysaccharides  like  hyaluronic  acid,  alginates,  chitosan,  dextran,  agarose,  starch, 
and  cellulose.  Additionally,  there  are  certain  synthetic  mucoadhesive  polymers  including 
polyesters  such  as  PGA,  polyhydroxy  butyrate,  PLA,  PCL,  polydioxanones,  polyanhy¬ 
dride:  polyadipic  acid,  polyterphthalic  acid,  polysebacic  acid,  PAs,  cellulose  derivatives, 
silicones,  and  poloxamines  (Saraswathi  et  al.,  2013).  Mucoadhesive  polymers  that  are  used 
in  drug  delivery  systems  can  be  formulated  as  gels,  tablets,  solid  inserts,  lozenges,  wafers, 
films,  pessaries,  viscous  solutions,  nano  and  microparticulates,  in  situ  gelling  systems, 
sprays,  and  suspensions.  Polymeric  excipients  are  added  to  most  of  the  previously  men¬ 
tioned  dosage  forms,  and  have  a  major  role  in  the  mucoadhesive  characteristic  of  the  for¬ 
mulation  (Khutoryanskiy,  2011). 

6.2. 5.4  Bioadhesives 

Bioadhesive  polymers  have  the  ability  to  attach  to  specific  biological  sites  such  as  epi¬ 
thelial  tissues.  Bioadhesive  polymers  have  been  used  for  a  relatively  long  time  for  diverse 
biomedical  applications  such  as  denture  adhesives  and  surgical  glues  (Kumar  et  al.,  2014). 
The  main  advantageous  property  of  these  polymers  is  the  ability  to  prolong  the  duration 
of  time  that  the  drug  spends  at  the  site  of  the  polymeric  material  that  is  attached  by  form¬ 
ing  noncovalent  binding  to  the  mucous  tissue  (Ranade  and  Cannon,  2011).  Since  1980,  for¬ 
mulations  of  bioadhesive  polymers  have  been  available  in  the  market  especially  for  topical 
application  in  the  oral  cavity  and  the  gastrointestinal  tract  (GIT).  However,  bioadhesive 
formulations  have  been  developed  to  target  other  mucosal  surfaces  (e.g.,  vaginal  mucosa) 
(Pereira  and  Gelfuso,  2017).  Polysaccharides  such  as  corn  starch  and  microcrystalline  cellu¬ 
lose  are  found  in  vaginal  delivery  products  in  the  market  such  as  Postin  E2  tablets  that 
contain  dinoprostone  for  induction  of  labor,  and  medabon  tablets  that  contain  misoprostol 
for  termination  of  pregnancy.  Chitosan  and  other  polysaccharides  are  under  investigation 
for  vaginal  delivery  in  different  formulations  (e.g.,  solution,  gel,  tablet,  and  insert) 
(Boateng  et  al.,  2015). 

6.2. 5. 5  Polymers  for  Controlled  Release  Systems 

Controlled  release  systems  are  a  type  of  formulation  that  aim  to  improve  the  activity 
and  effectiveness  of  the  active  pharmaceutical  ingredient  (API)  by  modifying  the  pharma¬ 
cokinetics  and  pharmacodynamics  of  the  API.  Polymeric  materials  can  be  designed  to  give 
the  desired  release  conditions  (Vilar  et  al.,  2012).  Because  there  are  different  types  of  con¬ 
trolled  release  mechanisms,  polymers  with  various  physiochemical  properties  are 
required.  An  important  consideration  when  designing  any  polymer  for  drug  delivery  sys¬ 
tems  is  the  excretion  of  that  polymer  from  the  body  after  drug  release.  Polymers  that  are 
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naturally  excreted  from  the  body  are  the  most  desirable  type  for  many  drug  delivery  sys¬ 
tems.  While  nondegradable  polymers  are  only  acceptable  in  applications  such  as  the 
removal  of  patches  or  inserts,  because  the  delivery  system  is  removed  after  the  release  of 
the  drug,  or  for  oral  applications  since  the  polymer  will  be  removed  through  the  GIT 

(Sonia  and  Sharma,  2012;  Trehan  and  Misra,  2014;  Vilar  et  al.,  2012). 


63  SYNTHESIS  OF  POLYMERS 


Polymer  synthesis  (polymerization)  is  the  process  in  which  monomers  are  covalently 
bound  together  to  form  larger  polymer  chains.  Methods  of  polymerization  can  be  divided 
into  three  major  classes:  step-growth  polymerization,  chain-growth  polymerization,  and 
ring-opening  polymerization. 


63*1  Condensation  Polymerization 

Condensation  polymerization,  also  known  as  step-growth  polymerization,  occurs  by 
joining  two  monomers  with  simultaneous  elimination  of  molecules  like  ammonia,  water, 
HC1,  and  methanol.  The  monomers  that  undergo  condensation  polymerization  are  differ¬ 
ent  than  the  ones  involved  in  addition  polymerization  reactions.  They  should  possess  two 
important  main  characteristics:  the  monomers  must  have  functional  groups  like  —  NH2, 
— COOH,  or  —OH,  and  each  monomer  must  have  at  least  two  reactive  sites.  This  type  of 
polymerization  usually  requires  heating  because  mostly  these  reactions  have  high  A Ea. 
Monomers  that  have  only  one  reactive  group  will  terminate  the  growing  chain  and  result 
in  a  polymer  end  product  with  a  lower  average  MW.  While  linear  polymers  can  result  if 
the  monomers  used  have  two  reactive  groups  and/or  monomers  with  one  reactive  group, 
monomers  with  more  than  two  reactive  groups  will  result  in  cross-linked  three-dimen¬ 
sional  polymers  (Jensen  et  al.,  2017;  Kariduraganavar  et  al.,  2014). 


63*2  Addition  Polymerization 

Addition  polymerization,  also  known  as  chain-growth  polymerization,  is  a  process  that 
does  not  involve  the  elimination  of  any  small  molecule.  Monomers  are  mostly  unsaturated 
such  as  aldehydes,  acetylenes,  and  olefins.  This  type  of  polymerization  reaction  is  usually 
exothermic  by  8—20  kcal/mol  due  to  the  conversion  of  ir-bond  in  the  monomer  to  a  sigma 
bond  in  the  resultant  polymer.  This  reaction  mostly  results  in  a  high  MW  polymer.  Cross- 
linking  of  polymers  is  possible  when  the  monomers  used  have  two  double  bonds 
(Kariduraganavar  et  al.,  2014).  The  free  radical  mechanism  of  addition  polymerization  is 
initiated  by  organic  peroxides  that  decompose  and  give  free  radicals.  Benzoyl  peroxide 
is  the  most  commonly  used  initiator.  The  cationic  mechanism  of  addition  polymerization 
is  initiated  by  acids  with  traces  of  water,  and  the  most  commonly  used  acids  like  HF, 
H2SO4,  and  BF3  (Krishnamurthy  et  al.,  2014). 
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6*3*3  Ring-Opening  Polymerization 

Ring-opening  polymerization  is  a  reaction  in  which  one  polymer  chain  has  a  reactive 
center  on  its  terminal  end  that  reacts  with  another  cyclic  monomer,  hence  opening  its  ring 
system  to  form  a  longer  polymer  chain.  The  reactive  center  on  the  terminal  end  of  the 
polymer  chain  can  be  ionic,  cationic,  or  radical.  While  in  the  cyclic  monomers,  the  driving 
force  is  steric  repulsions  or  bond-angle  strain.  These  cyclic  monomers  usually  contain  alkenes, 
alkanes,  or  heteroatoms  in  the  ring  (Nuyken  and  Pask,  2013;  Young  and  Lovell,  2011). 
The  ability  of  polymerization  and  the  corresponding  driving  force  varies  depending  on  the 
type  and  size  of  the  ring  structure  (Koltzenburg  et  al.,  2017).  Ring-opening  polymerization  has 
been  applied  to  produce  many  commercially  important  polymers  including  polyesters 
from  cyclic  ester  (lactones),  polysiloxanes  from  cyclic  siloxanes,  and  PAs  from  cyclic  amides 
(lactams)  (Young  and  Lovell,  2011). 


6*4  MECHANISMS  OF  DRUG  RELEASE  FROM  POLYMERS 


Mechanisms  of  drug  release  from  polymeric  formulations  can  be  classified  mainly  into 
three  mechanisms,  namely,  diffusion,  swelling,  and  degradation  mechanism  of  release. 


6*4*1  Diffusion  Mechanism  of  Release 

Diffusion  is  the  process  where  one  type  of  molecules  are  transported  randomly 
through  another  (e.g.,  drugs  in  solution  or  gel).  Diffusion  can  occur  in  liquid,  gas,  and 
solid  states.  In  the  pharmaceutical  field,  diffusion  in  polymeric  systems,  liquids,  and  gels 
have  gained  immense  interest  due  to  their  wide  applications  (Chen  et  al.,  2017).  In 
diffusion  drug  delivery  systems,  the  active  therapeutic  compound  is  dispersed  within  a 
polymeric  material  shell.  Further,  the  therapeutic  agent  diffuses  from  the  polymer  either 
by  passing  between  the  polymer  chains  or  through  the  pores.  Diffusion  mechanism  of 
release  is  based  on  either  reservoir  or  matrix-based  diffusion  systems  (Holowka  and 
Bhatia,  2014). 


6.4.1. 1  Reservoir  Diffusion  System 

A  reservoir  diffusion  system  is  formed  by  encapsulating  the  drug  solution  within  a  per¬ 
meable  polymer  barrier  coating  that  is  water  insoluble.  This  permeable  barrier  allows 
water  permeability,  which  leads  to  swelling  of  the  polymer  coating  as  a  result  of  which 
the  drug  can  diffuse  out  of  the  system  (Fig.  6.4).  The  pore  size  after  the  swelling  of  the 
polymer  barrier  must  be  larger  than  the  size  of  the  drug  particles  to  achieve  an  effective 
drug  diffusion  (Trehan  and  Misra,  2014).  The  diffusion  coefficient  is  directly  dictated  by 
the  pore  size  and  the  size  of  drug  molecules.  This  system  of  drug  release  is  widely  used  in 
transdermal  and  oral  systems.  Recently,  it  has  also  been  adapted  for  implants  (Stevenson 
et  al.,  2012). 
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Polymer  barrier 


The  swelling  of  the  permeable  polymer  barrier  allowed  the  water  to  diffuse  inward  and 
the  drug  particles  to  diffuse  out  of  the  system 

FIGURE  6.4  Reservoir  diffusion  system. 

6.4.1. 2  Matrix  Diffusion  System 

In  the  matrix  diffusion  system,  the  drug  particles  are  intimately  mixed  with  a  rate 
controlling  polymer  to  form  a  composite  matrix.  Water  penetration  through  the  matrix 
can  either  cause  swelling  or  an  osmotically  controlled  system  (Holowka  and  Bhatia, 
2014).  Fig.  6.5  shows  a  matrix  diffusion  system.  The  matrix  composition  influences  the 
diffusion  coefficient  because  the  free  volume  within  the  matrix  is  mainly  dependent  on 
its  composition.  A  simple  homogeneous  matrix  undergoes  an  increase  in  its  free 
volume  when  the  contrast  between  the  temperature  of  the  glass  transition  and  the 
ambient  temperature  increases.  However,  heterogeneous  matrixes  are  prepared  by 
blending  or  copolymerization,  showing  suitably  averaged  free  volumes.  Free  volumes 
in  heterogeneous  matrixes  can  be  raised  by  the  sorption  of  small  molecules  (e.g.,  water) 
(Bruschi,  2015). 


Polymer-drug  matrix 


Pore  Drug  particles 


The  volume  of  expansion  of  the  matrix  caused  the  opening  of  pores 
in  the  matrix  structure  and  release  of  drugs. 

FIGURE  6.5  Matrix  diffusion  system. 
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6*4*2  Degradation  Mechanism  of  Release 

Polymer  degradation  can  be  caused  by  physical,  chemical,  biological,  or  mechanical 
interactions.  Enzymatic  and  chemical  degradation  are  considered  as  the  major  types  of 
biodegradation  of  surface  or  bulk  erosion  of  biodegradable  polymers  that  are  physiologi¬ 
cally  delivered  (Khatri  and  Misra,  2014). 

6A.2.1  Chemical  Degradation 

The  chemical  degradation  mechanism  of  release  is  often  a  hydrolysis  process  of  labile 
covalent  linkages  in  either  the  side  groups  of  the  polymer  or  the  backbone.  For  example, 
when  peptide  bonds  in  PAs  undergo  hydrolysis,  they  are  cleaved  to  yield  amino  acids 
(Engineer  et  al.,  2011).  PAs  are  often  degraded  by  both  chemical  degradation  and  enzyme- 
mediated  degradation,  unlike  polyorthoesters,  which  are  mainly  chemically  hydrolyzed 
(Holowka  and  Bhatia,  2014). 

6A.2.2  Hydrolytic  Mechanism 

Polymers  in  this  mechanism  undergo  scission  of  the  chemical  bonds  in  the  polymer 
backbone  via  water  molecules  to  give  oligomers  and  monomers.  All  biodegradable 
polymers  possess  hydrolyzable  bonds  within  their  structure  such  as  esters,  glycosides, 
orthoesters,  carbonates,  amides,  anhydrides,  urethanes,  and  ureas  (Tamariz  and  Rios- 
ramirez,  2013).  Hydrolysis  depends  on  the  manufacturing  procedure  and  the  site  of 
administration  in  addition  to  the  physical  properties  of  these  polymeric  materials  includ¬ 
ing  hydrophobicity,  the  presence  of  impurities,  crystallinity,  MW,  Tg,  polydispersity, 
geometry,  and  degree  of  cross-linking.  Primarily,  polymers  that  achieve  slow  degradation 
are  characterized  by  having  high  MW,  high  Tgr  a  high  degree  of  crystallinity,  and  high 
cross-linking  (Tsung  and  Burgess,  2012). 

6A.2.3  Enzymatic  Mechanism 

Enzymatically  degradable  polymers  comprise  hydrolytically  sensitive  bonds  that 
require  catalysis  by  an  enzyme  to  undergo  a  proper  degradation  process  under  physiologi¬ 
cal  conditions.  Almost  all  the  enzymatically  degradable  polymers  contain  amide  or  ether 
bonds  (Ulery  et  al.,  2011).  Examples  of  polymers  that  undergo  enzymatic  degradation 
include  polyurethane,  PA,  polycarbonate,  and  polyester  (Holowka  and  Bhatia,  2014). 


6*4*3  Water  Penetration  (Swelling)  Mechanism  of  Release 

The  swelling  mechanism  of  release  is  basically  used  when  the  polymer  in  the  formula¬ 
tion  is  dry,  which  happens  when  an  aqueous  medium  absorbs  water  and  undergoes  swell¬ 
ing.  The  polymer  mesh  size  and  the  aqueous  solvent  content  within  the  whole  formulation 
increase  due  to  the  swelling,  which  will  eventually  enable  the  drug  to  diffuse  out  and  get 
released  from  the  swollen  network  to  the  external  environment  (Kaur  and  Kaur,  2014). 
The  hydrophilicity  of  the  polymer  and  the  presence  of  cross-links  and  their  density 
between  the  polymer  chains  are  the  factors  that  will  determine  the  degree  and  intensity  of 
swelling.  Accordingly,  hydrophobic  polymers  do  not  swell  significantly  due  to  their  low 
affinity  towards  water  (Siegel  and  Rathbone,  2012).  Hydrogels  are  the  most  used  material 
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in  this  type  of  controlled  release  system.  Hydrogels  swell  without  being  dissolved  when 
placed  in  biological  fluids  such  as  water.  They  can  also  absorb  high  amounts  of  fluid,  and 
at  equilibrium,  they  comprise  from  60%  to  90%  fluid  and  only  about  10%  —  30%  of  the 
polymer  (Sharma  et  al.,  2011). 


6*5  CHARACTERIZATION  OF  POLYMERS 


There  are  various  methods  and  instruments  available  for  polymer  characterization,  and 
different  methods  are  used  for  different  purposes.  For  chemical  structure  characterization 
of  polymeric  materials,  Raman  spectroscopy,  ultraviolet— visible  spectroscopy,  electron 
spin  resonance  spectroscopy  (ESR),  infrared  spectroscopy  (IR),  and  nuclear  magnetic  reso¬ 
nance  spectroscopy  (NMR)  are  commonly  used.  While  X-ray  diffraction  (XRD),  transmission 
electron  microscopy  (TEM),  scanning  electron  microscopy,  and  atomic  force  microscopy 
(AFM)  are  used  for  studying  the  morphology  and  structure  of  polymers.  For  characteriza¬ 
tion  of  thermal  properties  of  polymers,  thermal  gravimetric  analysis,  differential  scanning 
calorimetry  (DSC),  thermal  mechanical  analyzer  (TMA),  and  dynamic  mechanical  analysis 
(DMA)  methods  are  used.  Polymers'  mechanical  properties  are  studied  by  Instron.  Some  of 
these  methods  and  their  principles  will  be  discussed  briefly  in  this  section. 


6*5*1  Viscosity  Method 

Viscometry  or  viscosity  method  was  one  of  the  first  methods  used  for  determining  the 
MW  of  polymers.  In  this  method,  the  viscosity  of  polymer  solution  is  measured,  and  the 
simplest  method  used  is  capillary  viscometry  by  using  the  Ubbelohde  U-tube  viscometer. 
In  this  method,  both  the  flow  time  of  the  polymer  solution  (t)  and  the  flow  time  of  the 
pure  solvent  ( t0 )  are  recorded.  The  ratio  of  the  polymer  solution  flow  time  (0  to  the  flow 
time  of  pure  solvent  (f0)  is  equal  to  the  ratio  of  their  viscosities  (rj/ r]0)  only  if  they  have  the 
same  densities  (Oberlerchner  et  al.,  2015).  The  Ubbelohde  capillary  viscometer  is  used  to 
determine  the  polymer's  solution  viscosity.  The  process  includes  introducing  the  polymer 
solution  into  the  reservoir  of  the  viscometer,  and  then  aspirating  to  the  upper  bulb. 
Afterward,  the  admission  of  the  air  causes  the  polymer  solution  to  flow  down  in  the  capil¬ 
lary  by  gravity.  To  determine  the  average  MW  ( Mn )  by  this  technique,  the  process  should 
be  performed  for  pure  polymer  solution  and  solvents  respectively.  The  pressure  drop 
( AP )  varies  based  on  the  viscosity  {rj)  of  the  solutions  due  to  the  fact  that  the  polymer  solu¬ 
tion  that  flows  through  the  capillary  follows  Poiseuille's  law  for  laminar  flow  (Umoren 
and  Solomon,  2016). 


6*5*2  Light  Scattering  Method 

Light  scattering  method  has  been  widely  used  for  the  characterization  of  polymer 
chains  in  a  solution.  By  this  method,  it  is  possible  to  determine  the  radius  of  gyration  ( Rg ), 
the  polymer's  weight-average  MW,  and  the  second  virial  coefficient  (A2).  The  shape  of  the 
polymer  molecule  (e.g.,  random-coiled,  spherical,  or  rod-like)  can  also  be  investigated 
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(Hina  et  al.,  2014).  There  are  two  different  light  scattering  methods.  The  first  method  is  the 
classical  light  scattering  in  which  a  direct  measurement  of  the  molecular  mass  is  provided. 
This  method  is  very  helpful  in  determining  the  native  state  of  the  polymer  whether  it  is  a 
monomer  or  oligomer,  and  to  measure  the  masses  of  aggregates.  The  second  method  is 
dynamic  light  scattering,  which  is  also  known  as  photon  correlation  spectroscopy  or 
quasi-elastic  light  scattering  (QELS).  This  method  uses  the  scattered  light  in  measuring 
the  diffusion  rate  of  the  polymer's  particles.  The  size  of  distribution  of  the  sample  is 
derived  by  the  motion  data  that  has  been  conventionally  processed,  and  the  size  is  given 
by  the  hydrodynamic  radius  or  Stokes  radius  of  the  polymer  particle  (0gendal,  2016; 
Schartl,  2007). 

6*5*3  Osmometry 

Osmometry  is  used  to  determine  the  molecular  mass,  which  depends  on  colligative 
properties,  meaning  that  the  number  of  dissolved  molecules  is  the  only  factor  that  alters 
the  properties  of  a  solution.  In  addition,  boiling  point  elevation,  osmotic  pressure,  freezing 
point  depression,  and  vapor  pressure  reduction  are  based  on  colligative  properties 
(Oberlerchner  et  al.,  2015).  In  average  MW  determination,  there  are  two  common  osmome¬ 
try  techniques  used,  namely,  membrane  and  vapor  pressure  osmometry.  In  the  membrane 
osmometry  technique,  a  pure  solvent  and  polymer  solution  are  separated  by  a  semiperme- 
able  membrane,  due  to  the  higher  chemical  potential  of  the  solvent  in  the  pure  solvent 
than  in  polymer  solution,  the  solvent  starts  moving  towards  the  polymer  solution.  An 
externally  applied  pressure  is  used  to  inhibit  this  movement;  when  the  net  flow  across  the 
membrane  is  zero,  the  applied  pressure  equals  the  osmotic  pressure.  When  the  polymer 
sample's  Mn  is  less  than  20,000  g/ mol,  the  vapor  pressure  osmometry  is  suited  for  analy¬ 
sis.  Low  MW  molecules  diffuse  through  the  membrane  in  membrane  osmometry,  making 
this  method  not  very  efficient  for  the  determination  of  high  MW  molecules  (Marvel  and 
Kepler,  2009;  Umoren  and  Solomon,  2016). 


6*5*4  Size  Exclusion  Chromatography 

Size  exclusion  chromatography  (SEC)  is  considered  as  the  most  common,  efficient,  and 
fastest  method  that  provides  information  about  the  polymer's  MW  distribution.  This 
method  separates  the  molecules  in  the  sample  according  to  their  hydrodynamic  volumes 
instead  of  their  MW  (Ericsson,  2010;  Gaborieau  and  Castignolles,  2011).  In  the  SEC  system, 
a  stationary  phase  that  contains  a  porous  packing  material  is  placed  in  a  column  and  the 
mobile  phase  that  contains  the  sample  solution  is  injected  into  the  stationary  phase.  The 
molecules  that  are  larger  than  the  pore  volume  will  be  eluted  first  due  to  their  inability  to 
penetrate  the  pores.  Whereas  the  smaller  molecules  will  take  a  longer  time  to  be  eluted 
because  they  can  penetrate  into  the  pores  (Fig.  6.6).  However,  molecules  that  can  freely 
diffuse  through  the  pores  (in  and  out)  cannot  be  separated  as  they  will  be  eluted  at  the 
total  permeation  point  (Ericsson,  2010). 

The  main  limitation  of  the  SEC  method  is  that  it  is  poorly  reproducible  in  terms  of 
molar  mass  analysis  due  to  the  difficulty  to  obtain  a  pure  size-exclusion  separation  for 
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FIGURE  6.6  Illustration  of  the  separation  process  by  size 
exclusion  chromatography. 
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various  factors  such  as  concentration  effects,  osmotic  effects,  side  processes,  secondary 
retention  mechanisms,  secondary  exclusion,  SEC  band  broadening,  parasitic  processes, 
and  preferential  interactions  (Thevarajah  et  al.,  2014). 


6.6  FACTORS  INFLUENCING  DEGRADATION  OF  POLYMERS 


Polymer  degradation  is  influenced  by  a  number  of  parameters  including  the  morphology 
of  the  polymer,  copolymer  composition,  autocatalysis  caused  by  acidic  degradation  products 
inside  the  polymeric  matrix,  preparation  technique,  and  the  presence  of  drugs  and  other 
excipients.  The  interactions  between  the  drug  and  polymeric  matrix  as  well  as  the  physio- 
chemical  properties  of  the  incorporated  drug  are  considered  as  a  critical  parameter  that  has 
a  significant  effect  on  the  degradation  rate  of  the  polymer  and  drug  release.  For  instance, 
hydrophilic  drugs  accelerate  polymer  degradation  by  facilitating  water  penetration  into  the 
matrix  and  creating  a  highly  porous  polymer  network.  In  contrast,  polymer  degradation  is 
retarded  when  incorporated  with  hydrophobic  drugs  that  hinder  water  diffusion  into  the 
polymer  matrix  (Engineer  et  al.,  2011).  The  type  of  the  chemical  bond  between  the  backbone 
atoms  of  the  polymer  is  the  main  factor  that  determines  the  rate  of  degradation.  For 
instance,  hydrolyzable  groups  with  ortho-ester  and  anhydride  bonds  are  more  active  than 
the  groups  containing  esters  and  amides.  However,  the  reactivity  can  also  change  tremen¬ 
dously  upon  catalysis  or  when  the  chemical  neighborhood  that  surrounds  the  functional 
group  gets  altered  due  to  electronic  and  steric  effects  (Lin  and  Kristi,  2013).  Chemical  cross- 
linking  of  polymers  also  plays  a  major  role  in  the  degradation  process  (Mane  et  al.,  2016). 
Another  important  factor  is  the  number  of  substitutions  on  the  backbone  of  the  polymer,  as 
the  substitutions  increase  the  polymers  thermal  stability  decrease  (Marzec,  2014). 


6.7  THE  APPLICATIONS  OF  POLYMERS  IN  DIFFERENT 
PHARMACEUTICAL  SYSTEMS 


The  availability,  as  well  as  the  possibility  to  tune  various  chemical,  physical,  or  biological 
properties  of  polymeric  materials,  provides  endless  possibilities  of  producing  different  poly¬ 
mers  with  desirable  properties  for  specific  applications,  particularly  in  the  pharmaceutical  and 
biomedical  fields.  The  most  common  applications  will  be  discussed  briefly  in  this  section. 
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6*7*1  Polymers  Used  in  Tablet  Dosage  Form 

Polymeric  materials  are  widely  used  in  tablet  dosage  forms  for  various  purposes,  and 
they  can  be  used  to  alter  and  achieve  preferable  dosage  form  parameters,  such  as  unifor¬ 
mity  of  content,  uniformity  of  weight,  drug  content,  disintegration  time,  tensile  strength, 
friability,  hardness  and  crushing  strength,  and  the  dissolution  time  (Debotton  and  Dahan, 
2017).  For  example,  reproducibility  of  some  tablet  production  lines  by  fluid  bed  granula¬ 
tion  and  drying  were  achieved  when  the  APIs  were  wetly  granulated  by  certain  polymeric 
blends:  maize  starch,  powdered  cellulose,  sodium  starch  glycolate,  and  pregelatinized 
starch  (Vercruysse  et  al.,  2013). 

Polymeric  materials  used  as  diluents  are  inexpensive  and  must  be  compatible  with  the 
API  and  the  other  components  in  the  formulation,  as  well  as  tasteless.  Most  of  the  tablet 
polymeric  diluents  are  of  natural  origin,  such  as  alginates,  maltodextrin,  microcrystalline 
cellulose,  polydextrose,  starch,  and  pregelatinized  starch.  Some  of  the  synthetic  polymers 
used  as  fillers  include  methacrylic  acid  copolymers  (polymethacrylates)  (Debotton  and 
Dahan,  2017).  Some  polymers  that  promote  compatibility  and  free-flowing  properties  of 
the  formulation  are  used  as  binders,  for  instance,  carbomer,  alginates,  microcrystalline  and 
powdered  cellulose,  chitosan,  gelatin,  polyethylene  glycol  (PEG),  maltodextrin,  polycarbo- 
phil,  polyvinyl-pyrrolidone,  polydextrose,  starch,  pregelatinized  starch  and  cellulose 
derivatives  like  ethylcellulose  (EC),  sodium  carboxymethyl  cellulose  sodium,  methylcellu- 
lose  (MC),  hydroxy  ethyl  cellulose,  and  hydroxypropyl  methylcellulose  (HPMC).  However, 
starch,  pregelatinized  starch,  and  alginates  are  also  used  as  disintegrants  (Kestur  and 
Desai,  2017).  Different  types  of  starch  derivatives  have  been  prepared  by  chemical,  physi¬ 
cal,  or  enzymatic  modifications  to  control  drug  release,  and  some  of  these  types  are  sum¬ 
marized  in  Table  6.2  (Hong  et  al.,  2016). 


TABLE  6.2  Various  Starch  Derivatives  Used  as  Extended^Release  Tablets  Excipients 


Modified 

Starch 

Tablets  Structural  Features 

Drug  Release  Characterizations 

Retrograded 

starch 

Denser  gel;  less  swollen  and  more  enzyme- 
resistant  structure 

A  constant  drug  release  for  over  6  h 

Debranched 

starch 

A  slow  penetration  of  a  solvent  front  into  the 
tablet;  good  compatibility 

An  almost  constant  (zero-order)  drug  release; 
a  swelling-controlled  solvent 

Carboxymethyl 

starch 

A  pH-sensitive  hydrophilic  matrix;  lower  pH 
inducing  a  fast  swelling;  stable  gel  layer 
formed  in  the  presence  of  Na+  ion 

A  sustained  release  property  (degree  of 
substitution  [DS]  0.1—  0.2);  a  delayed  release 
property  (DS  0.9- 1.2) 

Starch  acetate 

Less  hydrophilic  matrix;  cracks  formed  on  the 
central  horizontal  plane  of  the  tablet 

Fickian  diffusion 

Cross-linked 

starch 

A  gel  layer  rapidly  formed  on  the  surface  of 
the  tablet 

A  quasi  zero-order  release 

Grafted  starch 

A  grafting  chain-derived  acrylic  layer  led  to 
enzymatic  resistance  and  hydrophobic 
behavior 

Fickian  diffusion  is  the  principal  mechanism 
in  most  formulations.  To  some  drugs,  the 
release  is  an  anomalous  transport 
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Aside  from  the  previous  applications  of  polymers,  smart  polymers  or  stimuli-sensitive 
polymers  show  great  importance  in  formulating  more  intelligent  drug  delivery  systems  to 
achieve  and  improve  the  therapeutic  effect  of  certain  drugs.  This  type  of  polymers  exhibit 
changes  in  their  physiochemical  properties  due  to  physical  stimuli  such  as  temperature, 
light,  pH,  ultrasounds,  electric  fields,  and  mechanical  stress  (Karolewicz,  2016). 


6*7*2  Polymers  Used  in  Capsules 

Capsule  shells  (hard  shells)  are  mostly  made  from  animal-derived  gelatin,  nontoxic, 
and  relatively  inexpensive  with  excellent  safety  profile.  However,  for  various  reasons,  a 
nonanimal  derived  alternative  is  needed  to  comply  with  particular  patients'  needs. 
Hypromellose  or  hydroxypropyl  methylcellulose  (HPMC)  was  used  to  produce  hard  cap¬ 
sule  shells  nearly  two  decades  ago  (Hoag,  2017).  Those  capsule  shells  contained  a  second¬ 
ary  gelling  agent  such  as  gellan  or  kappa-carrageenan.  The  use  of  a  secondary  gelling 
agent  was  necessary  considering  the  fact  that  at  low  temperatures  HPMC  alone  does  not 
form  a  gel.  Newer  HPMC  capsules  without  a  secondary  gelling  agent  or  gelling  promoter 
have  been  manufactured  and  are  available  in  the  market  (Gullapalli  and  Mazzitelli,  2017). 
Unlike  hard  gelatin,  the  dissolution  and  disintegration  of  HPMC  capsules  will  reduce  as 
the  temperature  increases  above  30°C.  Therefore,  HPMC  capsules  are  advised  to  be  taken 
with  cold  water.  These  capsules'  main  advantage  over  hard  gelatin  capsules  is  their  wider 
consumer  acceptance  due  to  the  fact  that  some  of  their  ingredients  are  obtained  from 
vegetable  sources  (Al-Tabakha,  2010).  In  delayed-release  capsules,  polymers  such  as  cellu¬ 
lose  acetate  phthalate  and  other  agents  (e.g.,  methacrylic  acid  copolymer  and  formalde¬ 
hyde)  have  been  used  as  coating  materials  (e.g.,  diclofenac  capsules).  The  resultant 
capsules  showed  good  gastroresistance  properties  with  less  than  10%  release  of  the  drug 
in  acid  and  over  75%  in  buffered  conditions  (Dias  and  Duarte,  2013). 


6*7*3  Polymers  Used  in  Disperse  Systems 

Certain  polymers  are  used  as  suspending  agents  in  suspensions  by  increasing  the  vis¬ 
cosity  of  the  solution.  These  polymers  can  be  natural  (e.g.,  alginates,  acacia  gum,  traga- 
canth,  guar  gum,  bean  gum,  carrageenan,  xanthan  gum,  microcrystalline  cellulose, 
powdered  cellulose),  semisynthetic  polymers  (e.g.,  methylcellulose,  sodium  carboxymeth- 
ylcellulose,  HPMC,  hydroxyethylcellulose,  carboxymethylcellulose),  or  synthetic  polymers 
(e.g.,  carbomers)  (Kulkarni  and  Shaw,  2016).  Carbomers  are  cross-linked  polymers  that  are 
used  as  viscosity  enhancers  because  when  these  polymers  get  neutralized,  they  can  absorb 
and  retain  water  molecules.  There  are  many  types  of  carbomers  that  are  used  in  various 
pharmaceutical  dosage  forms.  The  polymers  that  are  mainly  used  in  dispersed  systems  are 
Carbopol  934,  Carbopol  971P,  Carbopol  974P,  and  PEMULEN  TR-1  (Malviya  et  al.,  2011; 
Abdullah  et  al.,  2013).  Methylcellulose  (MC)  can  be  found  in  various  degrees  of  polymeri¬ 
zation  and  different  MWs.  Several  MCs  with  different  viscosity  grades  have  been  used  in 
dispersed  systems  (e.g.,  suspensions  and  oil  emulsions).  Moreover,  MCs  are  also  used  as  a 
base  instead  of  sugar  in  sugar-based  syrups.  In  suspensions,  MC  can  extend  the  contact 
time  of  therapeutic  agents  in  the  stomach  and  increases  the  time  needed  for  settling  due  to 
its  viscosity  enhancing  properties  (Dias  and  Duarte,  2013). 
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6.7*4  Polymers  Used  in  Transdermal  Drug  Delivery  Systems 

Transdermal  drug  delivery  systems  contain  relatively  high  amounts  of  the  API  that  is 
mainly  incorporated  into  a  polymeric  matrix.  Polymers  used  in  this  type  of  delivery  sys¬ 
tem  should  allow  the  drug  to  diffuse  properly  and  get  released  through  it.  Polymers 
should  have  the  capacity  to  incorporate  a  large  amount  of  the  active  agent,  and  they 
should  also  be  stable,  nontoxic,  inexpensive,  and  easily  manufactured  (Gowdhaman  et  al., 
2015).  In  a  matrix  system,  the  polymeric  particles  bind  with  the  drug  and  control  the 
releasing  mechanism,  while  in  the  reservoir  system,  drug  release  is  not  controlled  by  the 
polymeric  matrix;  instead,  the  presence  of  rate-controlling  membrane  between  the  polymer 
matrix  and  the  adhesive  layer  achieves  the  controlled  release  mechanism  (Reddy  et  al., 
2015).  A  variety  of  polymers  can  be  used  in  this  type  of  drug  delivery  system  for  various 
purposes  as  shown  in  Table  6.3  (Gowdhaman  et  al.,  2015).  Rosin  is  a  biodegradable  poly¬ 
mer  that  is  obtained  from  pine  trees.  Rosin  possesses  a  film-forming  ability  that  makes  it 
suitable  for  developing  film-based  drug  delivery  systems  even  though  it  shows  dermal 
toxicity.  However,  polymerized  rosin  does  not  show  dermal  toxicity.  A  study  prepared  a 
transdermal  drug  delivery  system  that  delivers  diltiazem  hydrochloride,  in  which  the 
polymeric  matrix  was  made  from  polymerized  rosin,  polyvinyl  pyrrolidone,  and  dibutyl 
phthalate.  The  resultant  films  exhibited  improved  tensile  strength  of  the  smooth  flexible 
films  with  a  higher  percentage  of  elongation.  After  evaluation  of  these  patches  in  animal 
models,  promising  pharmacodynamics  and  pharmacokinetic  performances  were  obtained 
(Yadav  et  al.,  2015). 

TABLE  6.3  Polymers  Used  in  Transdermal  Drug  Delivery  Systems 


Type  of  Polymer  Examples 

Natural  Gelatin,  cellulose  derivatives,  proteins,  waxes,  starch,  natural  rubber,  gum,  shellac 

Synthetic  Silicone  rubber,  hydrin  rubber,  nitrile,  neoprene,  acrylonitrile 

elastomers 

Synthetic  polymers  Polyvinyl  chloride,  polyvinyl  alcohol,  polyethylene,  polyamide,  polypropylene,  epoxy, 
polyuria 


6.7.5  Polymeric  Ocuserts 

Ocuserts  are  ocular  inserts  that  are  found  as  solid  devices  and  designed  to  deliver  drugs 
and  provide  a  longer  retention  time  of  the  drug  in  the  eye  as  compared  with  liquid  formu¬ 
lations.  Ocuserts  are  placed  into  the  conjunctival  sac.  They  are  often  made  up  of  a  drug- 
impregnated  polymeric  vehicle  (Madhuri  et  al.,  2012). 

Polymeric  materials  used  in  this  drug  delivery  system  can  be  classified  into  three  types 
based  on  their  possible  biodegradability  and  their  solubility  behavior  (Fig.  6.7).  The  first 
type  is  the  soluble  ocusert,  which  shows  complete  solubility  and  thus  does  not  need  to  be 
removed  after  deposition  inside  the  eye.  However,  this  type  of  ocusert  has  a  higher  risk  of 
expulsion  due  to  the  glassy  composition  of  the  insert.  The  lacrimal  fluid  rapidly  penetrates 
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the  polymeric  ocusert,  causing  blurred  vision  due  to  the  solubilization  process  of  the  ocu- 
sert  components  (Ortensia  Ilaria  Parisi  et  al.,  2015).  Soluble  polymers  used  in  this  drug 
delivery  system  include  natural  polymers  (e.g.,  collagen)  and  synthetic  polymers  (e.g.,  cel¬ 
lulose  derivatives  such  as  hydroxypropyl  cellulose,  hydroxyethyl  cellulose,  methylcellu- 
lose,  and  hydroxypropyl  cellulose,  divers  such  as  ethylene  vinyl  acetate  copolymer  and 
polyvinyl  alcohol,  cellulose  acetate  phthalate,  polyvinyl-pyrrolidone  as  complexing  agent, 
and  bioadhesives  such  as  polyacrylic  acids  (Madhuri  et  al.,  2012). 

The  second  type  is  the  insoluble  ocuserts,  which  are  classified  into  three  groups: 
diffusion  systems,  osmotic  systems,  and  hydrophilic  contact  lenses.  Diffusion  and  osmotic 
systems  are  reservoir  systems  containing  a  liquid,  colloid,  gel,  carrier  containing  the  drug, 
or  a  solid  matrix.  Drug  carriers  can  be  made  up  of  organic,  inorganic,  hydrophilic,  hydro- 
phobic,  synthetic,  or  natural  polymers.  Contact  lenses  are  initially  used  to  correct  vision 
but  when  presoaked  in  drug  solution  they  can  be  used  as  a  drug  delivery  system  and  for 
vision  correction  (Karthikeyan  et  al.,  2008;  Rathore  and  Nema,  2009).  The  third  type  of 
ocusert  is  the  biodegradable  ocular  insert,  which  is  prepared  from  bioerodible  polymers 
that  undergo  hydrolysis  such  as  polyester  derivatives  and  cross-linked  gelatin  derivatives. 
The  main  advantageous  property  of  this  system  is  the  ability  to  modulate  their  erosion 
rate  (Pramod  and  Navnath,  2017).  Fig.  6.8  represents  a  schematic  diagram  of  ocuserts. 


FIGURE  6.7 


Classification  of  ocuserts. 


Drug  reservoir 


membrane  (transparent) 


white  color  for  visibility 
in  handling) 


FIGURE  6.8  Schematic  diagram  of  ocuserts. 
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6.7*6  Progestasert  System 

Progestasert  systems  were  developed  almost  40  years  ago.  These  release  progesterone  daily, 
exerting  good  contraceptive  activity  without  inhibiting  ovulation  (Benagiano  et  alv  2015). 
Progestasert  is  the  first  hormone-releasing  intrauterine  device  (IUD)  and  contains  38  mg 
microcrystallized  progesterone  (Fig.  6.9).  Progestasert  was  withdrawn  from  the 
market  almost  30  years  ago  due  to  a  number  of  concerns  including  the  probability  of 
developing  ectopic  pregnancy  (Mansour  and  Percy,  2017).  Certain  nonabsorbable  thermo¬ 
plastic  polymers  can  be  used  to  achieve  controlled  release  of  drugs  in  an  intravaginal 
therapeutic  system.  Polymers  with  increased  rigidity  are  often  used  in  IUDs,  such  as 
ethylene-vinyl  acetate  copolymers  (Cook  and  Brown,  2018).  Other  thermoplastic  polymers 
used  include  PE,  poly(methyl  acrylate),  plasticized  PVC,  poly(butyl  methacrylate),  plasticized 
nylon,  plasticized  PE  terephthalate,  polyacrylonitrile,  poly^^-isopropylenediphenylene 
carbonate,  poly(trifluorochloroethylene),  and  PE  vinyl  esters  (Sahoo  et  al.,  2013). 


r\ 


Polyethylene 


FIGURE  6.9  Schematic  diagram  of  the  pro¬ 
gestasert  system. 


Ethylene  vinylacetate  copolymer 


>  38  mg  of  progesterone  microcrystals 
and  barium  sulfate 
suspended  in  silicone  oil 


6.7.7  Polymers  Used  in  Swelling  Controlled  Drug  Delivery  System 

Swelling-controlled  drug  delivery  systems  comprise  the  devices  that  have  the  swelling 
step  as  the  only  step  controlling  the  release  rate  of  the  drug.  Swelling  is  the  phenomenon 
of  polymer  chain  relaxation  that  occurs  by  the  continuous  entry  of  liquid,  which  causes 
breakage  of  the  hydrogen  bonds  formed  during  the  tablet  compaction  process  and  results 
in  the  formation  of  new  hydrogen  bonds  (Ghori  and  Conway,  2015).  Often,  this  type  of 
controlled  drug  delivery  system  is  based  on  relatively  hydrophilic  polymers,  mostly  cellu¬ 
lose  ethers  including  hypromellose  (e.g.,  HPMC  and  MC)  (Ghori  and  Conway,  2015; 
Siepmann  and  Siepmann,  2012).  Another  example  is  the  cross-linked  gelatin  that  has  the 
ability  to  act  as  a  swelling-controlled  drug  release  system  such  as  in  gelatin  B  emulsion 
cross-linked  by  genipin,  which  forms  small-sized  nanoparticles  that  show  this  type  of 
release  system  (Khan  et  al.,  2016a). 
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6*7*8  Polymer-Drug  Conjugates 

Polymer-drug  conjugates  are  a  part  of  polymer  therapeutics,  in  which  the  therapeutic 
agent  is  chemically  linked  to  a  polymer  instead  of  being  encapsulated  into  it.  In  the 
mid-1970s,  Ringsdorf  proposed  a  model  for  macromolecular  prodrugs.  His  model  con¬ 
sisted  of  a  biocompatible  polymeric  carrier,  a  therapeutic  agent  with  a  low  MW  that  is 
covalently  bound  to  the  polymer  by  the  bioresponsive  linker,  and  a  targeting  moiety 
(Fig.  6.10)  (Larson  and  Ghandehari,  2012;  Patil  et  al.,  2015).  Conjugation  of  the  drugs 
results  in  changes  in  their  behaviors  greatly,  since  polymer-drug  conjugates  offer  impor¬ 
tant  advantages  as  compared  with  the  pristine  drug,  such  as  increasing  water  solubility  to 
lipophilic  drugs,  protecting  drugs  from  degradation,  improving  bioavailability  and 
prolonging  plasma  half-life,  altering  biodistribution,  increasing  drug  targeting,  and 
controlling  the  release  of  drugs  under  certain  conditions  such  as  specific  pH  or  the  pres¬ 
ence  of  certain  enzymes  (Pang  et  al.,  2014). 

Most  polymer  carriers  in  polymer-drug  conjugates  are  PEG,  N-(2-hydroxypropyl) 
methacrylamide  (HPMA)  copolymers,  and  poly  glutamic  acid  (PGA).  Unfortunately,  bio- 
persistent  carriers  such  as  PEG  and  HPMA  account  for  certain  disadvantages  by  the 
chronic  administration  of  parenteral  drugs  or  when  high  doses  are  administered  including 
the  possibility  to  cause  lysosomal  storage  disease  syndrome  (Duro-Castano  et  al.,  2015). 
PEGylation  is  a  popular  strategy  that  involves  the  conjugation  of  PEG  to  a  therapeutic 
agent,  mostly  proteins.  PEG-protein  conjugates  are  important  due  to  several  properties 
including  their  ability  to  protect  the  protein  against  enzymatic  degradation  and  reduce  its 
uptake  by  the  reticuloendothelial  system;  these  properties  are  imparted  by  simple  steric 
hindrance  (Kopecek,  2012;  Larson  and  Ghandehari,  2012).  Many  PEGylated  protein 
conjugates  have  been  approved  for  clinical  use,  such  as  PEG-L-asparaginase  for  treating 
leukemia.  Most  important  polymer-drug  conjugates  of  the  first  generation  include 


by  EPR  effect  [enhanced  permeability  and  retention]) 
FIGURE  6.10  Hydrophilic  linear  polymer-drug  conjugate. 
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poly  glutamic  acid  with  paclitaxel,  camptothecin  (CT-2106)  conjugates,  and  polystyrene- 
maleic  anhydride-neocarzinostatin  conjugate,  which  is  approved  in  Japan  to  treat  hepato¬ 
cellular  carcinoma  (Feng  and  Tong,  2016). 

Some  drug-polymer  conjugates  that  reached  the  clinical  development  stage  include 
HPMA  copolymer  platinate  (AP  5346),  poly(L-glutamic  acid)-camptothecin  (CT-2106  (DE- 
310),  PEG-SN38  (EZN-2208),  poly(L-glutamic  acid)-paclitaxel  (Xyotac),  linear  cyclodextrin- 
bound  camptothecin  (IT-101),  and  HPMA  copolymer-doxorubicin  galactosamine  (PK2) 
(Vilar  et  al.,  2012).  Doxorubicin  is  an  antineoplastic  drug  with  a  narrow  therapeutic  index 
and  cardiotoxic  effects.  Several  nanodrug  carrier  systems  were  developed  to  reduce 
systemic  toxicity  and  increase  targeting  of  the  drug.  The  HPMA  copolymer  has  been 
conjugated  with  doxorubicin,  and  the  drug  conjugate  showed  an  improved  cardiovascular 
tolerability  as  both  blood  pressure  and  heart  rate  were  not  affected  in  rats,  compared  with 
other  rats  treated  with  free  doxorubicin.  However,  HPMA  copolymers  were  found  to  cause 
microscopic  injury  to  the  heart  tissue,  indicating  that  caution  must  be  taken  when  using 
HPMA  carriers  for  prolonged  drug  delivery  (Cheah  et  al.,  2017;  Hana  Kostkova  et  al.,  2013). 

Isoniazid,  which  is  an  intertubercular  drug,  was  conjugated  with  PE  glycol  derivative 
with  the  purpose  of  designing  a  drug-delivery  system  with  lower  toxicity.  The  polymer- 
drug  conjugate  of  PE  glycol-Ws(isoniazid)  showed  reduced  cytotoxicity  as  compared  with 
pure  isoniazid.  Enhanced  bioavailability  and  higher  amount  of  accumulated  drug  at  the 
site  of  infection  were  also  observed  thus  enabling  the  reduction  of  dosing  frequency  (Dipti 
Kakkar  et  al.,  2011).  Aside  from  systemically  administered  drugs,  PEG  conjugates  have 
been  investigated  in  the  preparation  of  inhalable  polymer-drug  conjugates.  PEG-based 
drug  conjugates  enhance  the  drug's  penetration  across  the  mucosal  layer,  therefore  they 
can  reduce  mucosal  exposure  to  mucosal  damaging  drugs.  For  instance,  alendronate  has 
mucus  damaging  properties  due  to  the  structural  similarity  of  this  drug  to  phosphatidyl¬ 
choline,  which  causes  competitive  displacement  of  mucosal  phosphatidylcholine  and 
triggers  mucosal  damage.  Pulmonary  administration  of  low  MW  PEG  and  alendronate 
conjugate  resulted  in  suppressing  lung  mucosal  toxicity  as  compared  with  the  free  form  of 
the  drug  in  rats  (Marasini  et  al.,  2017;  Nishiyama  et  al.,  2011). 


6*7*9  Polymeric  Nanoparticles 

Polymeric  nanoparticles  (PNPs)  possess  some  unique  properties  owing  to  their  small 
size.  Advantages  of  PNPs  as  carriers  for  therapeutic  agents  include  the  ability  to  combine 
both  imaging  and  therapy  (theranostics),  controlled  release,  improvement  in  the  therapeu¬ 
tic  index,  and  protection  of  drug  molecules.  PNPs  have  been  prepared  by  synthetic  and 
natural  polymers  such  as  sugars  and  proteins  (Crucho  and  Barros,  2017;  Salatin  et  al., 
2016).  PNPs  can  be  either  nanospheres  or  nanocapsules.  Nanospheres  are  matrix  particles, 
which  means  their  entire  mass  is  solid  and  the  therapeutic  molecules  can  be  encapsulated 
within  the  particle  or  adsorbed  at  the  sphere's  surface.  Nanocapsules  are  vascular  systems 
that  act  as  a  reservoir  system,  and  consist  of  a  solid  material  shell  that  surrounds  a  liquid 
core  that  contains  either  water  or  oil,  as  shown  in  Fig.  6.11  (Rao  and  Geckeler,  2011). 

Some  of  the  natural  polymers  frequently  applied  in  PNP  formulation  are  gelatin, 
sodium  alginate,  albumin,  and  chitosan.  In  addition,  commonly  used  synthetic  polymers 
include  polylactide  (PLA),  PLGA,  polyanhydrides,  polyglycolide  (PGA),  polyorthoesters 
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FIGURE  6.11  Illustration  of  classification  of  PNPs.  (A)  Nanospheres,  (B)  nanocapsules  containing  water,  (C) 
nanocapsules  containing  oil. 

(POE),  PCL,  polycyanoacrylates,  poly(malic  acid)  (PMLA),  polyglutamic  acid  (PGA), 
PEG,  poly(N-vinyl  pyrrolidone)  (PVP),  poly(methacrylic  acid)  (PMAA)  (El-Say  and 
El-Sawy,  2017),  polyglutamic  acid,  and  poly  orthoesters  (Nagavarma  et  al.,  2012;  Zhao 
et  al.,  2013).  An  example  of  a  polymeric  nanoparticle  drug  delivery  system  available  in  the 
market  is  Abraxane,  which  is  composed  of  paclitaxel,  loaded  in  an  albumin  protein-based 
nanoparticle  and  is  used  in  the  treatment  of  breast  cancer.  Another  example  is  Abdoscan, 
which  is  a  dextran  and  iron  oxide— based  nanoparticle  used  in  diagnostic  imaging  of  the 
spleen  and  liver  (Patel  et  al.,  2012). 

Encapsulation  of  oral  chemotherapeutic  agents  in  nanoparticles  to  enhance  their 
bioavailability  has  been  investigated  to  offer  another  route  of  administration  of  drugs  that 
are  only  intravenously  administered.  In  a  recent  study,  docetaxel  showed  an  increased 
absorption  when  encapsulated  in  nanoparticles  in  guinea  pigs.  This  study  showed  that 
these  nanoparticles  have  avoided  the  first-pass  effect  by  being  transported  through  the 
lymphatic  system,  which  resulted  in  elevating  drug  levels  in  blood  higher  than  Taxotere 
that  is  intravenously  administered,  hence  causing  higher  tumor  growth  reduction  and 
higher  survival  rate  in  mouse  models  with  metastatic  lung  cancer  (Attili-qadri  et  al.,  2013; 
Hou  et  al.,  2017;  Pridgen  et  al.,  2015). 

In  another  study,  the  anticancer  drug  carboplatin  was  encapsulated  in  nanoparticles  of 
sodium  alginate,  which  is  a  biodegradable  natural  polymer.  Encapsulation  of  different 
formulations  has  been  shown  to  increase  the  efficacy  by  52.24%— 68.70%.  The  release  pat¬ 
tern  in  vitro  showed  an  increase  in  duration  of  drug  action  with  almost  12  h  as  compared 
with  nonencapsulated  formulations  with  only  3  h  duration.  Parenterally  administered 
encapsulated  formulations  have  been  detected  in  higher  amounts  in  several  organs  includ¬ 
ing  spleen,  liver,  and  lungs  in  mice  (Nanjwade  et  al.,  2009;  Wilczewska  et  al.,  2012). 
Gelatin  nanoparticles  containing  rifampicin  prepared  by  two-step  desolvation  method 
have  shown  better  biodistribution,  and  higher  amount  of  the  nanoparticles  were  localized 
in  various  organs  compared  with  pure  rifampicin.  These  nanoparticles  have  achieved 
sustained  release  and  enhanced  the  area  under  the  curve  (AUC)  of  the  drug,  and  also 
showed  a  significant  reduction  in  the  bacteria  count  in  lungs  and  spleen  of  mice  infected 
with  TB  (Kant  et  al.,  2010). 

Another  study  demonstrated  that  PEG-PLGA  nanopolymersomes  loaded  with  doxoru¬ 
bicin  showed  lower  toxicity  and  a  higher  accumulation  at  the  tumor  site  in  murine  breast 
tumors  in  mice.  These  nanopolymersomes  have  also  sustained  the  release  of  doxorubicin 
and  were  stable  in  blood  circulation  according  to  in  vivo  studies  (Alibolandi  et  al.,  2015). 
Polymeric  nanoparticles  have  also  been  investigated  as  carriers  for  vaccines.  Chitosan- 
based  nanoparticles  were  loaded  with  Newcastle  disease  viruses  (NDV)  in  a  recent  study. 
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and  the  resultant  nanoparticles  showed  a  high  level  of  safety,  low  toxicity,  and  good  bio¬ 
logical  characteristics.  Chicken  models  immunized  with  the  chitosan-based  nanoparticles 
showed  stronger  immune  response  compared  with  chicken  immunized  with  commercial 
Newcastle  disease  vaccine  (Li  et  al.,  2013;  Zhao  et  al.,  2016).  Polymer-based  nanomaterials 
have  their  advantages  and  disadvantages  in  versatile  areas  of  applications;  some  of  these 
are  summarized  in  Table  6.4  (Han  et  al.,  2018;  Moran  et  al.,  2013). 

TABLE  6.4  Polymeric  Nanomaterials,  Their  Applications,  Advantages,  and  Disadvantages 


Classification 

Polymer 

Application  areas 

Advantages 

Disadvantages 

Natural 

polymeric 

material 

Chitosan 

Hemostasis  material, 
medical  dressing, 
hydrogel,  drug  delivery 
carrier,  gene  transfer 

Biocompatibility, 
antimicrobial, 
innocuous,  easily 
degradable, 
adsorbability,  film 
formation 

Poor  spinnability, 
poor  strength,  low 
water  solubility 

Starch 

Hemostasis  material, 
tissue-engineered 
scaffold,  drug  delivery 
carrier,  bone  repair 
material 

Extensive  sources, 
low  price, 

degradation  products 
are  safe  and  nontoxic, 
nonantigenic 

Poor  mechanical 
properties,  resistance 
to  water,  poor 
blocking  performance 

Alginate 

Pharmaceutical  excipient, 
Pepcid  Complete,  medical 
dressing 

Hypotoxicity, 
biocompatibility, 
suppresses  tumor 
growth,  enhances 
immunity 

Bad  biodegradability, 
cell  attachment  poor 

Cellulose 

Pharmaceutical  adjuvant 

Extensive  sources, 
low  price 

Rare  adverse  reactions 

Biosynthesis 

material 

Poly 

(3-hydroxybutyrate 

(PHB) 

Drug-delivery  carrier, 
tissue  engineering 
material 

Biodegradable,  safe, 
nontoxic,  good 
physical  and  chemical 
properties 

High  crystallinity,  bad 
thermal  stability 

Polylactic  acid 
(PLA) 

Antiadhesion  materials, 
patch,  drug-delivery 
carrier,  bone-fixing 
device,  suture,  tissue- 
engineered  scaffold 

Biocompatibility, 
good  mechanical 
properties,  safe, 
nontoxic 

Poor  toughness, 
degradation  speed 
slow,  hydrophobicity, 
lack  of  reactive  side 
chain  groups 

Chemosynthesis 

material 

(Copolymer) 

Polyurethane 

Excipients,  medical 
bandage 

Low  cost,  rich 
resource,  good 
mechanical  properties 

Degradation  speed 
slow 

Poly(lactic-glycolic 
acid)  (PLGA) 

Absorbable  suture,  drug 
delivery,  bone  screw 
fixation,  tissue  repair 

Controllable 

biodegradability, 

biocompatibility 

Higher  cost,  drug¬ 
loading  capacity,  and 
stability  can  be 
improved 

Polymethyl 
methacrylate  resin 
(PMMA) 

Bone-fixation  materials, 
dental  materials,  artificial 
crystal 

Easy  operation,  good 
biocompatibility 

Monomer  has 
cytotoxicity,  easy 
oxidation 
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6*7*10  Polymers  Used  in  Ocular  Delivery  Systems 

Both  natural  and  synthetic  polymers  are  used  for  their  viscosity-enhancing  properties 
by  absorbing  water  to  form  viscoelastic  gels,  hence  improving  the  residence  time  in  ocular 
drug  formulations.  Polymers  used  in  ocular  delivery  systems  for  the  purpose  of  enhancing 
the  viscosity  of  the  preparation  include  polyvinyl  alcohol,  derivatives  of  cellulose  (e.g., 
HPC  and  HPMC),  poly(vinyl  pyrrolidone),  natural  mucopolysaccharide,  and  carbomers, 
which  are  composed  of  weakly  cross-linked  polyacrylic  acids.  However,  in  situ  gelling 
systems  possess  an  advantageous  property  over  viscosity-enhancing  systems  in  that  they 
go  through  phase  transition  from  liquid  to  gels.  Some  of  these  thermogelling  systems 
include  tetronics,  pluronics,  and  poloxamers  (Morrison  and  Khutoryanskiy,  2014;  Wagh 
et  al.,  2008).  Mucoadhesive  polymers  can  also  increase  residence  time  because  they  can  be 
attached  to  conjunctival  mucin  via  noncovalent  bonds,  that  is,  they  are  macromolecular 
hydrocolloids,  containing  several  hydrophilic  functional  groups,  such  as  hydroxyl  (OH), 
carboxyl  (COOH),  sulfate,  and  amide,  which  are  capable  of  establishing  electrostatic  inter¬ 
actions  (Sikandar  et  al.,  2011).  Some  of  the  polymers  that  exhibit  mucoadhesive  properties 
include  polysaccharides  (xanthan  gum,  carrageenan,  gellan  gum,  pullulan,  scleroglucan, 
and  guar  gum),  chitosan,  pectin,  xyloglucan,  polygalacturonic  acid,  hyaluronan  (HA),  and 
cellulose  derivatives  (Boateng  et  al.,  2015;  Boddeda  et  al.,  2014). 


6*7*11  Triblock  Copolymers 

A  copolymer  is  a  class  of  polymers  that  are  composed  of  two  or  more  types  of  mono¬ 
mer.  Structures  of  copolymers  vary  depending  on  the  arrangement  of  the  different  mono¬ 
mers  in  the  polymer  chain.  One  type  of  copolymers  are  block  copolymers.  For  instance, 
when  a  polymer  chain  composed  of  monomer  A  or  block  A  is  attached  to  the  end  of  a 
polymer  chain  composed  of  monomer  B  (block  B),  an  A— B  block  copolymer  will  result, 
which  is  a  diblock  copolymer.  Triblock  copolymers  are  three  chains  of  polymers  each  con¬ 
taining  different  monomers  attached  to  each  other  (Bayati  Solmaz,  2016).  Pluronic,  Lineal 
poloxamers,  or  X-shaped  (poloxamines  or  Tetronic)  are  amphiphilic  triblock  copolymers 
(PEO-PPO-PEO)  of  polypropylene  oxide  (PPO)  and  polyethylene  oxide  (PEO)  that  have 
been  inspected  for  controlled  drug  delivery  systems  in  various  regenerative  medicine 
approaches.  This  type  of  copolymers,  which  possess  the  ability  to  undergo  sol-to-gel  tran¬ 
sitions  upon  heating  and  to  self-assemble  as  micelles,  have  been  called  "intelligent"  or 
"smart"  systems.  For  example,  PEO-PPO-PEO  copolymers  have  shown  to  improve  the 
performance  of  vectors  that  transfer  genes  when  used  as  gene  delivery  systems  (Table  6.5) 
(Rey-Rico  and  Cucchiarini,  2018). 

The  poly(oxazoline)-poly(siloxane)-poly(oxazoline)  or  ABA  triblock  copolymers  are  able 
to  self-assemble  into  vesicles  under  appropriate  conditions.  These  polymers  are  considered 
as  the  ideal  systems  for  biomedical  applications  including  drug  delivery  systems  and 
synthetic  lipid  bilayers  for  studying  ion  channels  (Isaacman  et  al.,  2012).  ABA  triblock 
polymers  were  also  made  from  PEO  and  1,2-polybutadiene  and  polyperfluoro  propylene 
oxide  with  different  MW  ratios,  and  gels  with  different  polymer  concentrations.  It  was 
observed  that  these  gels  had  significant  differences  in  their  morphological  properties  and 
network  structures,  which  indicates  that  manipulating  the  polymer's  gel  morphology  and 
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TABLE  6.5  PEO-PPO-PEO  Copolymers  Used  in  Nonviral  Gene  Transfer 


Nonviral 

Systems 

Copolymers 

Genes 

Targets 

Administration 

Observations 

Plasmid  DNA 

SP1017: 
Pluronic  L61 

+  FI  27 

lacZ  (E.  coli 
p-galactosidase), 
luc  (luciferase) 

Muscle 

Intramuscular 

(rat) 

Increased  transgene  expression 
10-fold 

PE6400 

lacZ  (£.  coli 
p-galactosidase) 

Muscle 

Cranial  muscle 
in  mouse 

Long-term  expression  similar  to 
electrotransfer 

PEO-PPO- 

PEO 

copolymers 
(average  MW 
8400) 

lacZ  (E.  coli 
p-galactosidase) 

Eye 

Ocular  (mouse 
and  rabbit) 

Higher  transgene  expression  at 

2  and  3  days 

Polycation 

DNA  and  poly 
(N-ethyl4- vinyl 
pyridinium) 

Pluronic  P85 

CAT 

(chloramphenicol 

acetyltransferase) 

Not 

specified 

In  vitro  NIH 
3T3,  MDCK, 
and  Jurkat  cell 
lines 

Enhanced  transfection 

PEI-DNA 

complex 

Pluronic  F68, 
FI  27,  PI  05, 
P94,  LI 22, 

L61 

lacZ  (E.  coli 
p-galactosidase) 

Not 

specified 

In  vitro  NIH/ 
3T3  cells 

Pluronic  with  higher  HLB 
showed  marked  improvement 
of  gene  expression  levels  in 
serum  media  compared  with 
PEI-DNA  complexes  alone 

P123-g-PEI(2K) 

polyplexes 

Pluronic  PI  23 

luc  (luciferase) 

Not 

specified 

In  vitro  Cos-7 
cells, 

intravenous 

(mouse) 

More  uniform  distribution  of 
transgene,  significant 
improvement  of  gene  expression 
in  liver 

PLL-g-Pluronic 

Pluronic  FI 27 

lacZ  (£.  coli 
p-galactosidase) 

Not 

specified 

In  vitro  HeLa 
cells 

Higher  transfection  efficiency 
with  polymer:DNA  at  1:1 

physical  properties  are  possible  by  changing  the  end-groups  of  the  triblock  copolymer 
(Taribagil  et  al.,  2010).  In  a  recent  study,  thermosensitive  triblock  copolymer  consisting  of 
poly(N-isopropylacrylamide)  (PNIPAM)  and  PEG  has  been  used  for  the  detection  of  lead 
ions  in  biological  and  food  samples.  This  system  showed  good  selectivity  and  relatively  fast 
and  accurate  results  without  the  need  to  use  high  volume  samples,  which  means  this  system 
can  be  used  easily  in  the  analysis  of  biological  samples  like  urine  (Behbahani  et  al.,  2014). 


6* 7*12  Polymers  Used  in  Disposable  Supplies 

Disposable  supplies  such  as  surgical  gloves,  syringes,  pads,  and  injection  pipes  are 
mainly  made  of  nondegradable  plastic  materials,  which  account  for  serious  environmental 
concerns.  However,  some  biodegradable  polymers  including  poly(glycolide),  PCL,  poly 
(D,L-lactide-co-glycolide),  and  PLA  have  been  used  in  making  some  disposable  medical 
supplies  and  are  expected  to  have  expanding  commercial  applications  in  the  future  since 
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they  are  environment  friendly  materials  (Tian  et  al.,  2012).  Polyglycolide  or  polyglycolic 
acid  is  a  resorbable  polymer  that  is  made  by  ring-opening  polymerization.  Polyglycolic 
acid  provides  the  ideal  substitute  for  petroleum-based  polymer  supplies,  and  due  to  its 
biodegradability,  it  is  an  environment-friendly  option  (Mather  and  Wardman,  2015). 


6*7*13  Polymers  Used  in  Implants 

An  implant's  main  purpose  is  to  extend  the  range  of  capabilities  of  body  systems 
beyond  the  actual  lifespans  to  preserve  human  lives.  Compatibility  within  the  biological 
environment  is  the  most  critical  requirement  for  implants  and  devices.  In  implants,  the 
substrate  on  which  the  implant  is  made  must  be  biocompatible  and  in  devices,  the  packag¬ 
ing  film  enclosing  devices.  For  implanted  object  survival  and  patient  comfort,  there  are 
certain  requirements  that  must  be  fulfilled,  and  these  requirements  differ  according  to  the 
functionality  of  the  implant  and  the  region  of  implantation  (Teo  et  al.,  2016).  Synthetic 
polymers  that  have  been  explored  for  medical  applications  include  polyesters  such  as 
Dacron,  silicone  rubber,  and  high-density  PE.  Recently,  inert  synthetic  polymers  have  been 
developed  and  are  currently  successfully  used  in  a  variety  of  clinical  applications.  For 
instance,  cardiovascular  devices  such  as  pacemakers,  coatings  on  implants  to  enhance 
blood  compatibility,  orthopedic  fixation,  heart  valves,  and  devices  such  as  hip  and  knee 
implants  (Gunatillake  and  Adhikari,  2016). 

Hip  implants  that  are  coated  with  Teflon  reduce  friction,  which  will  probably  increase 
the  persistence  throughout  the  expected  lifespan  of  the  device  (Uhrich  and  Abdelhamid, 
2015).  Polymer  coatings  such  as  parylene,  silicone  rubber,  epoxy,  and  PTFE  have  been 
used  as  coating  materials  to  encapsulate  implantable  devices.  Nevertheless,  these  materials 
have  shown  limited  abilities  in  protecting  the  implantable  device  from  water  ingress. 
Polyether-based  polyurethane  elastomers  are  biocompatible,  stable  in  the  biological  envi¬ 
ronment,  and  possess  superior  processability.  These  properties  have  allowed  them  to  be 
used  in  a  variety  of  tissue  and  blood-contacting  devices  in  the  biomedical  field  (Khan 
et  al.,  2014;  Roohpour  et  al.,  2009). 

PLA  is  a  polyester  polymer  that  is  used  mainly  for  load-bearing  biomedical  applications 
due  to  its  high  mechanical  strength  such  as  internal  fixation  devices  (e.g.,  pins,  screws, 
plates,  and  rods)  for  holding  broken  bones  together  (Niaounakis,  2015).  However,  several 
studies  showed  that  during  the  in  vivo  bone  remolding  phase,  PLA  interferes  with  the 
process  by  causing  an  imbalance  in  the  number  of  osteoclasts  and  osteoblasts.  Thus,  the 
majority  of  polyester-based  products  that  are  commercially  available  are  for  nonload  bear¬ 
ing  applications  (Chuenjitkuntaworn  et  al.,  2010;  Demirci  et  al.,  2014).  PCL  is  another  poly¬ 
ester  that  has  been  used  in  the  production  of  tissue  repair  patches  such  as  the  ones 
manufactured  by  Ethicon  Inc.  (Edinburgh,  United  Kingdom),  and  it  is  also  used  as  a  filling 
agent  to  fill  cavities  in  bones  that  are  nonload  bearing  (Manavitehrani  et  al.,  2016). 


6*7*14  Polymers  Used  in  Medical  Devices 

Synthetic  biodegradable  polymers  are  considered  significant  in  both  the  function  and 
design  of  medical  devices.  Biodegradable  polymers  are  used  as  a  bioresorbable  and 
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biodegradable  coating  on  drug-eluting  stents  to  achieve  a  controlled  release  kinetics  for 
therapeutic  agents  (Banoriya  et  al.,  2017).  Plastics  are  commonly  used  in  various  medical 
devices  including  PE,  PP,  polystyrene,  polyesters,  polycarbonate,  PVC,  poly  ether  sulf  one, 
polyacrylate  (acrylic,  poly(methyl  methacrylate)  (PMMA)),  hydrogel  (acrylate),  polysul- 
fone,  polyetheretherketone  (PEEK),  thermoset  elastomers  (silicone),  poly-p-xylylene  (pary- 
lene),  and  fluoropolymers  (McKeen,  2017).  Poly  (methyl  methacrylate)  (PMMA)  is  one  of 
the  earliest  synthetic  polymers  that  has  been  used  for  medical  applications  as  a  corneal 
implant  due  to  its  optical  transparency  and  biocompatibility  (Uhrich  and  Abdelhamid, 
2015). 

6.7.14.1  Drug-Eluting  Balloons 

Drug-eluting  balloons  (DEBs)  are  introduced  as  a  substitute  for  drug-eluting  stents 
(DES)  in  the  treatment  of  in-stent  restenosis  (ISR).  They  are  coated  with  a  polymeric  matrix 
containing  antiproliferative  drugs,  which  get  released  locally  at  the  vessel  wall  while  the 
balloon  is  inflating.  DEBs  reduce  the  duration  of  dual  antiplatelet  therapy,  eliminate  the 
risk  of  stent  thrombosis,  and  facilitate  targeted  drug  distribution.  DEBs  have  advantages 
over  stenting  of  polymer-related  endothelialization  and  stent  delivery,  due  to  their  flexibil¬ 
ity  of  use  in  complex  lesions  (Bukka  et  al.,  2017;  Scheller  et  al.,  2004).  PEO  has  been  used 
in  various  pharmaceutical  products  as  an  excipient  for  both  orally  and  parenterally  admin¬ 
istrated  formulations.  Uncrosslinked  PEO  is  suitable  for  drug  release  during  DEB  interven¬ 
tion  period  due  to  its  relatively  fast  dissolution  profile.  An  in  vitro  study  showed  that 
PEO/PTX  coated  balloons  have  better  drug  loading  and  release  rate  than  balloons  coated 
with  other  excipients  such  as  shellac,  iopromide,  polysorbate/ sorbitol,  and  urea  (Xiong 
et  al.,  2016).  Some  of  the  drug-eluting  balloon  systems  that  are  currently  clinically  used 
include  PACCOCATH,  IN.  PACT,  DIOR,  and  SeQuent  Please  (Bukka  et  al.,  2017;  Loh  and 
Waksman,  2013). 

6.7.14.2  Drug-Eluting  Stents 

Drug-eluting  stents  (DES)  have  been  broadly  used  as  a  treatment  for  patients  with  coro¬ 
nary  artery  disease.  In  this  medical  device,  the  stents  are  coated  with  durable  and  biode¬ 
gradable  polymers  to  bind  the  formulation  over  the  metal  and  allow  controlled  release  of 
the  drug  by  acting  as  a  reservoir  (Fig.  6.12)  (Tian  et  al.,  2012;  Yazdani  et  al.,  2016).  The  first 
generation  of  DESs  contained  polymers  such  as  polyethylene-co-vinyl  acetate  (PEVA),  poly 
(styrene-b-isobutylene-b-styrene),  and  polybutyl  methacrylate  (PBMA).  The  next  genera¬ 
tion  contained  poly(vinylidene  fluoride-co-hexafluoropropylene)  and  phosphorylcholine 
polymeric  coatings  (Dang  et  al.,  2014).  In  the  second  and  third  generations  of  DES,  biomi- 
metic  polymers,  such  as  poly(vinylidene  fluoride-co-hexafluoropropylene)  (PVDF-HFP), 
phosphorylcholine  (PC),  or  the  BioLinx  polymer,  are  currently  used  due  to  the  fact  that 
they  do  not  interfere  with  stent  reendothelialization  (Strohbach  and  Busch,  2015).  PVDF- 
HFP  copolymer  has  been  used  on  XIENCE  coronary  stents,  and  these  types  of  stents  are 
cobalt  chromium  stents  with  two  layers  of  coating  system.  The  first  layer  is  composed  of  a 
thin  primer  layer  (e.g.,  methacrylate)  and  the  second  layer  on  the  surface  is  composed  of 
drug  reservoir  within  fluorinated  copolymer,  mainly  PVDF-HFP.  These  stents  showed 
excellent  mechanical  stability  and  drug  elution  properties  in  vivo,  which  indicates  that 
PVDF-HFP  is  suitable  as  a  drug  carrier  in  drug-eluting  stent  systems  (Kamberi  et  al.,  2017). 
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Drug  loaded 
polymeric  matrix 


Stent  strut 


FIGURE  6.12  Illustration  of  a  drug-eluting  stent. 


Poly  [bis  (trifluoroethoxy)  phosphaszene]  (PTFEP),  an  inorganic  polymer,  has  been  applied  in 
a  thin  nanocoat  polyzene-F  (PzF)  with  a  thickness  of  <  0.050  pm.  This  ultrathin  coat  of  PzF 
is  resistant  to  thrombus  formation  due  to  its  hydrophobic  surface  properties,  which  caused 
low  adsorption  of  fibronectin  and  fibrinogen  and  high  adsorption  of  human  serum  albumin. 
This  coronary  stent  system  was  termed  as  COBRA-PzF  (Koppara  et  al.,  2016). 


6.7.15  Polymers  Used  in  Electrochemical  Biosensors  for  Various  Diseases 

Biosensors  are  analytical  devices  that  contain  a  transducer  coupled  with  a  biorecogni¬ 
tion  element.  Biosensors  can  be  very  beneficial  for  pharmaceutical  and  biomedical  applica¬ 
tions  for  many  reasons  including  their  sensitivity  (ng/ mL  or  less),  high  benefit/ cost  ratio, 
simplicity  for  use,  high  selectivity,  and  rapidity  in  data  collection  (Sandulescu  et  al.,  2015). 
In  1862,  the  first  electrochemical  preparation  of  polyaniline  (PANI)  (i.e.,  an  organic 
^-conjugated  polymer)  was  reported  by  Letheby.  After  that,  polyacetylenes  (PAs)  conduc¬ 
tivity  was  studied  and  it  was  found  that  it  can  be  enhanced  10-fold  by  using  iodine 
vapors.  Other  polymers  that  were  studied  included  poly  1,5-diaminonaphthalene,  poly¬ 
thiophene,  polypyrrole  (PPy),  and  polyterthiophene  (Moon  et  al.,  2018). 

In  polymer  nanocomposites  (PNCs),  biorecognition  has  been  established  through  the 
incorporation  of  enzymes,  oligonucleotides,  antigens /antibodies,  or  aptamers  into  the 
PNCs.  The  incorporation  of  polymers  to  these  compounds  has  been  achieved  by  two 
methods,  either  by  covalently  attaching  them  to  the  polymer  backbone  or  by  using  the  bio¬ 
logical  agent  as  a  dopant.  The  transduction  system  detects  the  signal  that  results  from  the 
interaction  between  the  target  analyte  and  the  PNCs  (Shrivastava  et  al.,  2016).  Some  of  the 
commonly  used  conducting  polymers  that  are  easily  prepared  include  PANI,  poly(3,4-eth- 
ylene  dioxythiophene)  (PEDOT),  and  CP  nanomaterial  PPy  (Park  et  al.,  2016).  In  a  recent 
study,  electrochemically  deposited  gold  nanoparticles  (AuPNs)  covered  by  PPy  were  used 
to  develop  a  glucose  sensor,  and  it  was  observed  that  the  PPy  layer  in  this  sensor 
decreased  the  influence  of  other  electroactive  species  on  resultant  analytical  signal 
(German  et  al.,  2017).  PPy  and  graphite  oxide  composite  were  used  with  polyionic  liquids 
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in  a  study  to  develop  a  dopamine  sensor  probe.  The  study  showed  that  the  nanosheets  of 
PILs/PPy/GO  that  contained  the  sensor  probe  were  specific  and  stable  in  detecting  dopa¬ 
mine  with  the  presence  of  ascorbic  acid  (AA).  The  polyionic  liquids  on  the  sensor  probe 
have  a  major  role  in  the  separation  of  the  oxidation  peaks  of  dopamine  and  ascorbic  acid 
(Mao  et  al.,  2015).  Polythiophenes  are  semiconductive  polymers  that  can  be  conjugated 
with  carbon  materials,  graphite,  and  metal  nanoparticles  to  enhance  their  conductivity 
and  stability.  Thiophene-based  composites  have  also  been  used  in  developing  electro¬ 
chemical  sensors  that  detect  glucose,  gases,  neurotransmitters  and  many  other  analytes. 
Nation  and  poly(3,4-ethylene  dioxythiophene)  (PEDOT)  composite  have  been  electropo- 
lymerized  on  microelectrodes  of  carbon  fiber  to  produce  a  controllable,  mechanically 
stable,  and  robust  electrode  coating  that  will  eventually  provide  higher  sensitivity  and 
selectivity  of  electrochemical  measurements  (in  vivo).  The  resultant  electrodes  in  this 
method  exhibited  an  increase  in  sensitivity  by  2—5  fold  and  selectivity  by  2—30  fold  as 
compared  with  carbon-fiber  microelectrodes  without  Nafion-poly(3,4-ethylene  diox¬ 
ythiophene)  (PEDOT)  coat,  which  makes  them  a  better  option  for  in  vivo  measurements 
of  dopamine  (Naveen  et  al.,  2017;  Vreeland  et  al.,  2015).  Terthiophene  polymers  were 
used  in  the  development  of  electrocatalytic  composite  materials,  chemical  sensors,  and 
electrochemical  biosensors  due  to  their  unique  properties.  For  instance,  a  H202  sensor 
has  been  developed  using  2,2/:5/,5"-terthiophene-3/-benzoic  acid  (TTBA),  multiwall 
carbon  nanotube  (MWCNT)  and  silver  nanoparticles  (AgNPs),  and  this  AgNPs/Ox- 
pTTBA/MWCNT  nanocomposite  displayed  a  fast  response  time  (<5  s)  with  great 
electrocatalytic  activity  to  H202,  which  resulted  from  the  significant  increase  in  the 
reduction  peak  current  along  with  the  complete  inhibition  of  other  interfering  species' 
effect.  The  selectivity  and  sensitivity  to  H202  in  this  method  indicates  its  suitability  for 
measuring  H202  concentrations  in  biological  systems  such  as  urine  samples 
(Abdelwahab  and  Shim,  2014;  Naveen  et  al.,  2017). 


6.7.16  Polymers  Used  in  Dressings 

Biofilms  have  been  used  to  treat  or  cover  wounds  stretching  back  into  antiquity.  Textile 
materials  and  products  have  been  designed  and  made  to  show  particular  properties  to  be 
used  in  medical  applications.  These  materials  should  have  a  combination  of  flexibility, 
strength,  biocompatibility,  nontoxicity,  biodegradability,  antiinfection  ability,  controlled 
drug  delivery,  and  oxygen  permeability.  The  most  common  textile  materials  used  for 
wound  healing  are  wool  keratin,  chitosan,  and  silk  fibroin  (Ganesan,  2017).  Synthetic  poly¬ 
mers  that  are  composed  of  nanobiomaterials  with  small  pores  and  a  very  high  specific  sur¬ 
face  area  are  used  for  burns  and  wound  dressing  and  can  be  made  by  various  techniques, 
however,  they  are  mainly  made  by  electrospinning  (Goh  et  al.,  2013;  Khang  et  al.,  2010; 
Supaphol  et  al.,  2012).  For  example,  electrospun  polyurethane-dextran  nanofiber  mats  that 
contain  ciprofloxacin  hydrochloride  are  wound-dressing  materials  that  possess  an  antibac¬ 
terial  activity  (Unnithan  et  al.,  2012).  Polymers  such  as  poly-L-lactide,  poly(lactide-co-glyco- 
lide),  and  cellulose  acetate  when  impregnated  with  shikonin  have  shown  antimicrobial, 
wound  healing,  antiinflammatory,  antitumor,  and  antioxidant  activity  (Kontogiannopoulos 
et  al.,  2011;  Park  et  al.,  2007). 
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Thermoresponsive  interpenetrating  polymer  network  films  and  novel  chitosan-poly(N, 
N-diethyl-acrylamide)  interactives  have  also  shown  potential  for  the  use  in  biomedical 
applications  and  wound  dressing  (Ngadaonye  et  al.,  2013).  Poly(ethylene  glycol) /chitosan 
scaffold  loaded  with  ciprofloxacin  hydrochloride  was  also  developed  for  wound  dressing 
(Sinha  et  al.,  2013).  Many  other  polymers  have  been  used  for  wound  dressing  purposes 
including  P VP— sodium  carboxymethylcellulose  membranes  impregnated  with  fusidic  acid 
(Lim  et  al.,  2010),  PVA/ PEG— tannin  based  hydrogels  (Mhessn  et  al.,  2011),  and  nanofibers 
for  wound  healing  made  from  curcumin-loaded  PLA  (Nguyen  et  al.,  2013).  PLA— based 
polymers  and  their  copolymers  are  also  arising  as  potential  candidates  for  wound  dres¬ 
sings  due  to  their  biodegradability  (Luckachan  and  Pillai,  2011).  Novel  antibacterial  and 
absorptive  polyurethane  membranes  have  also  shown  great  potential  for  wound  dressing 
application  (Yari  et  al.,  2012).  The  pH-sensitive  alginate /bentonite  hydrogel  combined 
with  polyurethane  foam  were  also  prepared  and  investigated  for  wound  dressings  (Oh 
et  al.,  2011).  PVP-alginate  hydrogel  loaded  with  nanosilver  was  considered  to  be 
suitable  as  wound  dressing  hydrogel  due  to  its  antimicrobial  activity  and  fluid  handling 
capacity  (Singh  and  Singh,  2012).  According  to  a  recent  study,  carboxymethyl-chitosan 
exhibited  in  vivo /in  vitro  wound  healing  properties  due  to  its  ability  to  activate  macro¬ 
phages,  stimulate  secretion  of  different  cytokines,  and  fibroblasts  growth  (Mogo§anu  and 
Grumezescu,  2014). 


6.7*17  Polymeric  Drug  Delivery 

Diverse  types  of  natural  and  synthetic  polymers  can  be  used  as  drug  delivery  systems 
owing  to  their  biodegradability.  The  drug  can  be  encapsulated  in  a  polymeric  matrix  or 
contained  within  a  polymer  membrane,  from  where  it  can  diffuse  out  to  the  surrounding 
tissues  after  implantation.  The  release  mechanism  can  also  be  affected  by  erosion  and  dis¬ 
solution  of  the  polymer  in  some  cases  (Banoriya  et  al.,  2017).  One  of  the  polymers  that 
have  been  effectively  used  is  chitosan,  which  has  been  used  as  hydrogel  drug  delivery  sys¬ 
tem,  drug  conjugate,  and  biodegradable  release  system  to  deliver  proteins,  peptides,  anti¬ 
inflammatory  drugs,  antibiotics,  growth  factors,  gene  therapy,  and  for  bio-imaging 
applications  (Cheung  et  al.,  2015).  Other  polymers  that  are  used  as  drug  delivery  systems 
include  polyanhydrides,  poly(ortho  esters),  polyacetals,  polyphosphoesters,  polylactide, 
polycarbonates,  and  PAs  (Ulery  et  al.,  2011). 

Smart  polymers  offered  the  possibility  of  increasing  accuracy  and  developing  more 
programmed  drug  delivery  due  to  their  tunable  and  versatile  sensitivity.  Each  class  of 
these  polymers  has  its  own  advantages  and  disadvantages  as  drug  delivery  systems  as 
shown  in  Table  6.6.  As  mentioned  before  in  Section  2.5,  temperature  sensitive  polymers 
are  divided  based  on  their  response  to  different  temperatures  into  two  classes:  UCST 
systems  and  LCST  systems.  The  LCST  system  is  more  appropriate  as  a  drug  delivery 
system  due  to  the  fact  that  UCST  systems  require  higher  temperatures  that  are  not 
suitable  for  thermolabile  drugs  (James  et  al.,  2014).  For  instance,  block  copolymers  of 
PPO  and  PEO  are  thermoresponsive  biodegradable  polymers  that  undergo  sol— gel 
transition  within  room  temperature  and  physiological  temperature.  These  copolymers  are 
commercially  available  in  an  injectable  form  under  brand  names  ReGel  (Macromed)  and 
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TABLE  6.6  Smart  Polymeric  Drug  Delivery  Systems:  Major  Advantages  and  Limitations 


Type  of  Smart 
Polymer  Based  on 
Stimulus 

Advantages 

Limitations 

pH 

Suitable  thermolabile  drugs 

Low  mechanical  strength 

Lack  of  toxicity  data 

Temperature 

Active  moieties  can  be  easily 
incorporated 

Simplicity  in  formulation  and 
manufacturing 

Injectability  issues  under  application  conditions 

Biocompatibility  issues  and  instability  of  thermolabile 
drugs,  low  mechanical  strength 

Light 

Trigger  mechanism  is  easily 
controlled  accuracy  of  stimulus 
control 

The  low  mechanical  strength  of  gel,  the  possibility  of 
leaching  out  of  noncovalently  attached  chromophores 

Inconsistent  responses  to  light 

Mechanical  stress 

The  possibility  of  achieving  drug 
release 

Difficulty  in  controlling  the  release  profile 

Electric  field 

Drug  release  is  pulsative  with 
electric  current  change 

Surgical  implantation  required 

Difficulty  in  optimizing  the  magnitude  of  electric 
current 

The  need  for  additional  equipment  for  external 
application  of  stimuli 

Ultrasound 

Controllable  protein  release 

Surgical  implantation  required  for  nonbiodegradable 
delivery  system 

Specialized  equipment  for  controlling  the  release 

BST-Gel  (BioSyntech).  Thermoresponsive  polymers  offer  localized  delivery  of  anticancer 
drugs  by  the  application  of  heat  at  the  tumor  site  (Lakkadwala  et  al.,  2015). 

In  a  recent  study,  doxorubicin,  an  anticancer  drug,  and  [Gd(HPD03A)(H20)],  a  mag¬ 
netic  resonance  (MR)  contrast  agent  were  encapsulated  in  temperature-sensitive  liposomes 
and  injected  in  tumor-bearing  rats  (rhabdomyosarcoma).  A  nonin vasive  heating  device 
that  had  a  precise  temperature  control  was  used  and  the  study  showed  a  significant 
increase  of  the  drug  concentration  within  the  tumor  and  resulted  in  an  increase  in  cellular 
uptake  of  doxorubicin  into  the  interstitial  space  compared  with  the  free  form  of  the  drug 
(Hijnen  et  al.,  2017).  Poly(N-isopropylacrylamide),  or  PNIPAM,  is  a  temperature-sensitive 
polymer  that  has  undergone  extensive  research  and  has  been  utilized  in  various  drug 
delivery  systems  due  to  the  fact  that  its  LCST  is  32°  C,  which  is  relatively  close  to  the  phys¬ 
iological  body  temperature.  PNIPAM  solution  undergoes  reversible  and  rapid  phase  sepa¬ 
ration/phase  transition  phenomena  in  response  to  temperature  changes.  The  LCST  of 
PNIPAM  can  be  altered  by  several  techniques  that  include  either  the  addition  of  surfactants 
or  salts  or  by  copolymerization  with  hydrophobic  or  hydrophilic  monomers  (Kokardekar 
et  al.,  2012).  When  PNIPAM  is  crosslinked  into  hydrogels  its  phase  transition  from  coil  to 
globule  will  cause  the  volume  of  gel  to  decrease  rapidly,  which  results  in  releasing  the 
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entrapped  solvent  and  drug  in  a  rapid  manner,  providing  more  linear  diffusion  and  a  con¬ 
trolled  drug  release  (Gandhi  et  al.,  2015).  PNIPAM  has  also  been  prepared  as  microgels 
which  provided  the  advantageous  properties  of  both  hydrogels  and  nanoparticles.  Several 
researchers  have  synthesized  insulin-loaded  PNIPAM  microgels,  in  which  the  microgel  car¬ 
rier  showed  the  ability  to  protect  insulin  from  denaturation  (Guan  and  Zhang,  2011). 

The  hydrogel  can  protect  a  drug  from  low  pH  and  enzymatic  activity,  and  can  also 
enhance  the  bioactivity  of  the  drug.  The  properties  of  hydrogels  can  be  controlled  or  modi¬ 
fied  by  the  physical  or  chemical  cross-linking  of  polymers.  Hydrogel's  ability  to  form  a  gel 
depends  on  hydrophobicity,  chemical  composition,  and  cross-linking  density.  Hydrogel 
has  been  used  for  numerous  gene  and  protein  delivery  applications  as  well  as  for  drug 
delivery  purposes  (Kim  et  al.,  2014).  There  are  various  hydrogel  systems  in  the  market 
and  some  are  mentioned  in  Table  6.7  (Khan  et  al.,  2016b). 

TABLE  6.7  Products  With  Hydrogel  Based  Delivery  Systems  Available  in  the  Market 


Product  Composition 


Manufacturer  Indication 


Cervidil 

vaginal 

insert 


SQZ  gel 
oral 

controlled 

release 

system 

Integra 


Myskin 


TranCyte 


Aquamere 


Smart 

Hydrogel 


Poly  (ethylene  oxide)  and  urethane  Controlled  Therapeutics,  Initiation  and/or  continuation  of 

UK;  marketed  by  Forest  cervical  ripening  at  or  near  term 
Pharmaceuticals  (MO, 

USA) 


Chitosan  and  polyethylene  glycol  Macro  Med  (UT,  USA) 


Hypertension 


Collagen/ chondroitin-6  sulfate  Integra  Life  Science 
matrix  overlaid  with  a  thin  (Plainsboro,  NJ) 

silicone  sheet 


Artificial  skin  substitute 
Hypertension 


Cultured  autologous  human  Celltran  Limited 

keratinocytes  on  the  medical  grade  (University  of  Sheffield, 
silicone  polymer  substrate  Sheffield,  UK) 


Epidermal  skin  substitute 


Cultured  autologous  human  Advanced  Tissue 

keratinocytes  on  the  medical  grade  Sciences 
silicone  polymer  substrate 


Human  fibroblast-derived  skin 
substitute  (synthetic  epidermis) 


Poly  glycolic  acid /poly  lactic  acid, 
extracellular  matrix  proteins 
derived  from  allogenic  human 
fibroblasts  and  collagen 


Interpolymers  of  PVP  and  PVP  Hydrometer  (NJ,  USA) 
grafted  copolymers  with  urethane 


Skincare,  topical  and  oral  drug 
delivery 


Poly(acrylic  acid)  and  poly  MedLogic  Global 

(oxypropylene-cooxythylene)  (Plymouth,  UK) 

glycol 


Used  for  the  development  of 
ophthalmic,  buccal,  nasal,  vaginal, 
transdermal,  injectable,  implantable, 
nonaerosol  pulmonary  drug 
systems 
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FIGURE  6.13  Illustration  of  pH-responsive  hydrogel  drug  delivery  systems. 

A  pH-responsive  hydrogel  can  swell  up  due  to  the  electrostatic  repulsion  that  occurs 
after  the  ionization  of  the  functional  groups  of  the  polymer  when  the  surrounding 
medium  has  a  pH  above  the  pKa  value  of  the  polymer  network.  Generally,  anionic  hydro¬ 
gels  swell  when  placed  in  a  basic  medium  and  cationic  hydrogels  in  an  acidic  medium 
(Fig.  6.13)  (Cinay  et  al.,  2017).  These  pH-responsive  hydrogels  showed  promising  results 
when  prepared  for  insulin  delivery.  For  example,  polyacrylamide  (PAA)-S-chitosan 
hydrogel  has  been  prepared  for  oral  delivery  of  insulin.  The  hydrogel  showed  high 
pH-sensitivity  and  retained  26%  of  the  encapsulated  insulin  at  pH  1.2  inside  the  stomach 
and  released  almost  98%  of  insulin  at  pH  7.4  in  the  intestine,  which  resulted  in  prolonged 
contact  time  with  intestinal  tissue.  PAA/S-chitosan  hydrogel  appeared  to  be  a  successful 
insulin  carrier  with  the  capability  of  lowering  blood  glucose  level  in  diabetic  mice 
(Mukhopadhyay  et  al.,  2014). 


6*7*18  Polymers  Used  in  Tissue  Engineering  Products 

Tissue  engineering  is  a  science  that  aims  to  replace  or  repair  tissues  and  organs  (Cui 
et  al.,  2013;  Walmsley  et  al.,  2015).  The  strategies  of  tissue  engineering  are  classified  into 
three  major  components  containing  cells  (undifferentiated  or  differentiated),  scaffolds,  and 
biological  signaling  molecules  (Asghari  et  al.,  2017).  A  scaffold  is  a  three-dimensional  (3D) 
structure  including  various  synthetic  polymers,  natural  polymers,  and  biological  mole¬ 
cules,  such  as  elastin,  collagen,  extracellular  matrix  (ECM)  molecules,  and  hyaluronic  acid 
(Bacakova  et  al.,  2014).  Chemical  composition  and  physical  structure  of  the  scaffold  must 
mimic  both  the  structure  and  function  of  the  ECM  (Zhou  and  Lee,  2011).  The  natural  ECM 
contains  various  components  including  proteoglycans,  proteins,  and  signaling  molecules. 
The  major  role  of  ECM  is  to  provide  structural  support  to  cells  and  also  a  location  for  cell 
migration  (Owen  and  Shoichet,  2010). 

Scaffolds  for  tissue  engineering  applications  should  be  compatible  with  biological  tis¬ 
sues,  biodegradable,  nontoxic,  nonimmunogenic,  and  nonmutagenic.  They  also  should 
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show  favorable  surface  properties  and  have  the  ability  to  provide  appropriate  mechanical 
support,  such  as  aiding  in  proliferation,  adhesion,  and  differentiation  of  cells  (Bacakova 
et  al.,  2014;  Zhou  and  Lee,  2011).  Synthetic  biocompatible  and  biodegradable  polymers 
such  as  PCL,  polyglycolic  acid,  poly(N-isopropylacrylamide),  and  PLA,  and  their  copoly¬ 
mers  in  addition  to  PLA,  PLGA,  and  PLGA— PEG  have  been  applied  in  tissue  engineering 
science  (Liu  et  al.,  2012).  Biodegradable  polyesters  possess  great  properties  including  con¬ 
trollable  biodegradability,  high  safety,  and  excellent  biocompatibility  (Eatemadi  et  al., 
2016).  PCL  is  a  semicrystalline  linear  aliphatic  polyester  with  a  relatively  slow  degrading 
rate.  PCL  has  been  approved  by  the  FDA  to  be  used  in  several  products.  It  has  been  inves¬ 
tigated  for  various  tissue  engineering  purposes  such  as  ligament,  cartilage,  bone,  skin,  and 
skeletal  muscle  tissue  engineering.  PCL/PLLA  (poly-L-lactide)  fibrous  composite  scaffold 
for  bone  tissue  engineering  has  shown  the  rapid  proliferation  of  trabecular  osteoblasts  and 
human  bone  marrow  stromal  cells,  which  encourages  oriented  migrations  of  fibers  and 
bone  cells  (Mondal  et  al.,  2016). 

Natural  polymers  have  advantageous  properties  such  as  their  similarity  to  the  host 
tissue,  metabolic  compatibility,  communicating  with  the  biological  systems,  nontoxi¬ 
city,  ability  to  be  enzymatically  degraded,  and  low  inflammatory  reactions.  However, 
natural  polymers  are  sensitive  to  temperature  thus  get  destroyed  before  they  reach 
their  melting  point,  and  their  complexity  in  structure  makes  them  hard  to  process 
(Sonia  and  Sharma,  2012).  Two  types  of  natural  polymers  are  used,  namely,  polysac¬ 
charides  (e.g.,  chitosan,  chitin,  and  alginate)  and  proteins  (e.g.,  collagen  and  gelatin) 
(Asghari  et  al.,  2017). 

Bone  grafts  are  considered  as  the  standard  method  to  repair  skeletal  fractures  and 
regenerate  lost  bone,  and  the  most  common  method  is  the  autograft.  Unfortunately,  auto¬ 
graft  can  result  in  several  unwanted  complications  such  as  infections,  pain,  donor-site 
morbidity,  blood  loss,  and  scarring.  Allograft  method  also  possesses  many  complications 
that  include  the  risk  of  infections  and  immune  rejection.  Other  approaches  such  as  design¬ 
ing  scaffolds  incorporated  with  growth  factor  and  bone  progenitor  cells  to  stimulate  cell 
growth  have  been  investigated  recently.  3D  polymeric  scaffolds  are  mostly  seeded  with 
osteoblast-like  cells  or  stem  cells  (Lyles  et  al.,  2015;  Polo-Corrales  et  al.,  2014).  However, 
scaffold-seeded  cells  still  exhibit  low  survival  (in  vivo),  which  is  a  major  challenge  in  bone 
regeneration  by  stem  cells.  In  a  recent  study,  a  silk  hydrogel  scaffold  seeded  with  stem 
cells  was  prepared  to  deliver  stem  cells  and  enhance  bone  regeneration  in  a  rat  model. 
Results  of  the  study  showed  the  survival  of  stem  cells  and  their  active  participation  in  the 
formation  of  new  bone  8  weeks  after  the  implantation  of  the  scaffold  (Ding  et  al.,  2017). 
Fig.  6.14  provides  a  schematic  representation  of  bone  regeneration  by  implanting  a  cell- 
seeded  scaffold  into  the  bones'  defect  region. 

Cell-based  tissue  engineering  constructs  have  shown  promising  results  in  preclinical 
studies  by  exhibiting  an  enhanced  bone  formation  as  compared  with  other  noncellular 
constructs  either  as  monocultures  or  cocultures.  However,  cocultures  showed  better 
bone  formation  than  monocultures.  Various  opportunities  and  difficulties  involved  in 
the  clinical  application  of  cell-based  bone  tissue  engineering  are  listed  in  Table  6.8  (Ma 
etal.,  2014). 
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FIGURE  6.14  Schematic  representation  of  bone  regeneration  by  implanting  cell-seeded  scaffold  into  the 
bone's  defect  region. 


TABLE  6.8  Opportunities  and  Difficulties  Involved  in  the  Clinical  Application  of  CelbBased  Constructs  in 
Bone  Tissue  Engineering 


Opportunities 


Difficulties 


Various  cell  sources  available  with  an  osteogenic 
capacity 

Through  expansion,  sufficient  cell  numbers  can  be 
obtained 

Efficient  cell  seeding  on  scaffolds  can  be  achieved 
before  in  vivo  implantation 

Successful  bone  regeneration  using  cell-based 
constructs  has  been  demonstrated  in  preclinical 
studies 

In  some  clinical  case  reports  using  cell-based  strategies 
for  bone  tissue  regeneration,  bone  regeneration  was 
observed 


Limited  cell  number  for  clinical  cases  in  which  there  are 
large  defects,  or  for  one-step  surgery 

Longer  expansion  may  lead  to  cell  deformation  and 
decreased  differentiation  capacity 

Cell  survival  is  compromised  after  in  vivo  implantation 

There  have  been  less  promising  outcomes  of  bone 
regeneration  using  cell-based  constructs  in  clinic  studies 

Because  of  the  lack  of  a  control  group  in  studies  and 
case  reports,  the  contribution  of  implanted  cells  cannot 
be  ascertained 


6*7*19  Conducting  Polymers  for  Medical  Applications 

Conducting  polymers  like  metals  possess  a  wide  range  of  electrical  conductivity 
meanwhile  maintaining  their  polymeric  mechanical  properties.  Their  ability  to  conduct 
electrical  signals  is  due  to  the  sp2  hybridized  carbon  atoms  on  the  polymer's  backbone. 
The  p-orbitals  in  carbon  atoms  that  are  in  the  z-direction  are  positioned  in  a  parallel 
manner  to  each  other,  which  means  they  can  form  a  continuous  i r  bond  that  forms  a 
pathway  for  the  movement  of  charge  carriers  along  polymeric  chains  (Yi  and  Abidian, 
2015).  The  Fig.  6.15  provides  a  diagrammatic  illustration  of  a  conducting  polymer  actua¬ 
tor.  There  are  various  biomedical  applications  of  conducting  polymers  that  include  the 
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development  of  controlled  drug  release  systems,  building  artificial  muscles,  the  stimula¬ 
tion  of  nerve  regeneration,  and  neural  recording.  Various  conducting  polymers  are  being 
considered  for  many  applications  including  polythiophene  (PT),  PA,  PPy,  PANI,  and 
PEDOT  (Ravichandran  et  al.,  2010).  Conducting  polymer  actuators  have  many  properties 
that  make  them  the  perfect  candidates  for  building  artificial  muscles.  These  properties 
include  the  ability  to  be  electrically  controlled,  high  strength,  and  a  large  strain  (which  is 
a  favorable  property  for  linear,  volumetric,  and  bending  actuators),  the  requirement  of 
low  voltage  for  actuation,  the  ability  to  work  at  room /body  temperature,  the  possibility 
to  position  them  between  minimum  and  maximum  values,  ability  to  be  readily  microfab- 
ricated,  light  weight,  and  the  ability  to  be  operated  in  body  fluid  (Joy  et  al.,  2017).  PPy 
exhibits  excellent  environmental  stability  and  has  shown  its  ability  to  support  cell 
growth  and  adhesion  in  various  cell  types.  PPy  has  been  considered  for  several  biomedi¬ 
cal  applications  including  bioactuators,  tissue  engineering,  biosensors,  and  drug  delivery 
(Kaur  et  al.,  2015). 


6*7*20  Polymers  for  Nerve  Regeneration 

Following  nerve  injuries,  if  reinnervation  and  regrowth  do  not  occur  quickly  (approxi¬ 
mately  12—18  months)  this  may  result  in  permanent  loss  of  motion  and/or  sensation. 
Aside  from  nerve  autografting,  biodegradable  polymeric  materials  are  used  to  make  nerve 
conduits  (Fig.  6.16),  which  are  hollow  tubes  that  work  by  spanning  gap  defects.  These 
biodegradable  guides  will  form  the  appropriate  scaffold  that  provides  mechanical  stiffness 
for  the  nerve  to  regenerate  by  protecting  the  nerve  from  the  pressure  caused  by  the 
surrounding  tissue  (Sivak  et  al.,  2014).  However,  these  nerve  conduits  are  good  substitutes 
of  autografting  only  in  injury  gaps  that  are  less  than  2.5  cm,  which  means  that  the 
currently  used  conduits  require  further  research  and  improvement  to  overcome  the 
difficulties  associated  with  this  method.  Some  of  the  clinically  used  conduits  that  are 
approved  by  the  FDA  are  made  from  polymeric  materials  including  PCL,  collagen  type  1, 
poly(D/L-lactide-co-caprolactone)  (PLCL),  woven  polyglycolic  acid  (PGA),  and  polyvinyl 
alcohol  (PVA)  hydrogel  (Daly  et  al.,  2012;  Pixley  et  al.,  2016). 
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Illustration  of  a  nerve  conduit. 


TABLE  6.9  Approved  Type  I  Collagen^Based  Devices  for  Regeneration  of  Peripheral  Nerves 


Device  Type 

Name  of 
Product 

Diameter 

(mm) 

Length 

(cm) 

Degradation  Time 
(months) 

Company 

Nerve  guide 

NeuraGen 

1.5-7 

2-3 

36-48 

Integra  Life  Sciences  Corp. 

Nerve  guide 

NeuroMatrix 

2-6 

2.5 

4-8 

Collagen  Matrix  Inc. 

Nerve  guide 

Neuroflex 

2-6 

2.5 

4-8 

Collagen  Matrix  Inc. 

Nerve  cuff/ 
protectant  wrap 

NeuroMend 

4-12 

2.5-5 

4-8 

Collagen  Matrix  Inc. 

Nerve  cuff/ 
protectant  wrap 

NeuraWrap 

3-10 

2-4 

36-48 

Integra  Life  Sciences  Corp. 

Chitosan  is  a  biodegradable  polysaccharide  with  antibacterial  activity  and  excellent 
biocompatibility,  which  explains  its  application  in  fabricating  nerve  tubes  and  scaffolds. 
However,  chitosan  degrades  rapidly  at  high  temperatures  due  to  its  low  thermal  stability 
and  fragility.  Crosslinking  and  blending  with  other  polymers  or  with  reinforcing  fibers 
have  been  studied  as  ways  to  improve  its  mechanical  properties.  Different  methods  of  pre¬ 
paring  chitosan-containing  nerve  conduits  were  investigated  such  as  dissolving  chitosan 
by  acetic  acid  then  injected  into  a  mold  and  crosslinked  by  the  addition  of  formaldehyde 
to  form  a  porous  gel  that  gets  lyophilized  and  inserted  with  polyglycolic  acid  (PGA)  fibers 
as  luminal  fillers  (Chiono  et  al.,  2009;  Gomes  et  al.,  2017;  Wang  and  Cai,  2010).  Collagen  is 
a  natural  protein  that  represents  the  main  component  of  the  ECM  in  human  beings  and 
animals.  It  has  been  widely  used  in  the  biomedical  field  as  wound  dressings,  artificial 
skin,  and  implants.  Nerve  guide  conduits  of  collagen  have  been  made  in  different  forms 
since  the  1990s.  Several  type-I  collagen-based  nerve  guide  devices  have  been  approved  by 
the  FDA.  Table  6.9  summarizes  the  features  of  these  devices  (Pinho  et  al.,  2016).  Other 
FDA  approved  nerve  conduits  include  Neurotube  by  Synovis  Micro  Companies,  which  is 
an  absorbable  woven  polyglycolic  acid  mesh  tube;  Neurolac  by  Polyganics  BV  (Groningen, 
Netherlands),  made  from  poly(D,L-lactide-co-5-caprolactone)  polymer;  and  Salutunnel, 
manufactured  by  Salumedica  LCC  (Atlanta,  GA,  USA)  from  polyvinyl  alcohol 
(Arslantunali  et  al.,  2014). 
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6*7*21  Stimuli-Sensitive  Polymers  for  Cancer  Therapy 

The  main  issue  concerning  cancer  therapy  is  the  selective  targeting  of  cancer  cells.  One 
of  the  targeting  strategies  being  investigated  is  using  a  tumor  stimuli-sensitive  delivery 
system  that  depends  on  the  shared  tumor  physiological  imbalances,  which  mainly  include 
hypoxia,  excessive  expression  of  certain  enzymes,  tumor  acidosis,  and  redox  imbalance. 
Polymers  used  in  this  system  should  be  stable  in  physiological  fluids  so  that  an  adequate 
amount  can  reach  the  tumor  site,  and  it  should  also  be  fast  and  specific  in  releasing  the 
therapeutic  agent  at  the  desired  site  (Perche  et  al.,  2015).  An  example  of  a  polymeric  mate¬ 
rial  that  is  used  for  this  purpose  is  N-(2-Hydroxypropyl)methacrylamide  (HPMA),  which 
is  a  copolymer  that  when  conjugated  with  pirarubicin  by  hydrazone  bond  forms  a  drug 
conjugate  that  releases  pirarubicin  in  the  acidic  surrounding  medium  of  the  tumor 
(Nakamura  et  al.,  2014). 

Another  polymeric  conjugate  that  is  stimulated  by  acidity  is  PEG-polyaspartate  block 
copolymer  that  is  conjugated  to  epirubicin  by  a  hydrazone  linker  (Dragojevic  et  al.,  2015). 
Prodrug  conjugates  that  are  stimulated  under  hypoxic  conditions  were  prepared  in  a  recent 
study  by  forming  azobenzene  bonds  between  combretastatin  (CA4)  and  polyethylene  glycol- 
hexanethiol  (PEG-C6).  These  drug  conjugates  have  the  ability  to  self-assemble  themselves 
into  micelles  to  encapsulate  the  anticancer  drug.  Several  nanocarriers  have  been  investigated 
and  are  showing  promising  results  although  they  require  further  development  to  overcome 
biocompatibility  and  biodegradability  concerns  (Liu  et  al.,  2015;  Thambi  et  al.,  2016). 

Thermoresponsive  systems  have  been  intensively  studied  in  cancer  therapy. 
Nanoparticles  of  iron  oxide  were  coated  with  a  thermosensitive  polymer  and  conjugated 
with  Rll  peptides  (i.e.,  prostate  cancer-specific  peptide)  for  targeting  and  imaging  of  pros¬ 
tate  cancer.  A  magnetic  field  guides  the  iron  oxide  nanoparticles  to  the  desired  site.  The 
nanoparticle  conjugate  showed  higher  accumulation  in  the  site  of  the  tumor  as  compared 
with  the  nonconjugated  nanoparticles  (Wadajkar  et  al.,  2013).  Doxorubicin  hydrochloride 
was  loaded  in  magnetite  nanohydrogels  composed  of  PEG,  poly(N-isopropyl  acrylamide- 
co- itaconic  anhydride)  (P[NIPAAm-co-IA]),  and  Fe304  nanoparticles.  The  resultant  system 
showed  negligible  drug  release  at  physiological  conditions  while  it  exhibited  its  highest 
drug  release  values  at  a  higher  temperature  around  41oC  and  a  pH  value  of  about  5.3. 
This  system  also  exhibited  a  slow  drug  release  profile  and  high  drug  loading  capacity.  The 
in  vitro  cytotoxicity  studies  of  this  smart  drug  delivery  system  and  its  cellular  uptake 
results  were  higher,  which  makes  it  a  promising  drug  delivery  system  (Poorgholy  et  al., 
2018).  Many  other  thermoresponsive  systems  have  been  investigated  in  cancer  therapy; 
some  of  them  are  listed  in  Table  6.10  (Zardad  et  al.,  2016). 

Ultrasound-responsive  systems  for  drug  delivery  have  been  investigated  over  the  past 
decade  and  showed  ultrasound  triggered  the  release  of  the  encapsulated  therapeutic 
agents  from  liposomes,  multilayer  capsules,  microemulsions,  and  polymeric  micelles. 
Ultrasound  can  penetrate  deeply  into  tissues  noninvasively.  Drug  release  can  be 
triggered  by  various  physical  factors  after  the  application  of  ultrasound  such  as  local 
hyperthermia,  pressure  variations,  cavitations,  and  acoustic  fluid  streaming.  Drug 
delivery  systems  and  stimuli-responsive  polymers  that  respond  to  either  one  or  more  of 
these  stimuli  have  been  developed  to  enhance  targeting  of  cancer  cells  (Sirsi  and  Borden, 
2014;  Taghizadeh  et  al.,  2015).  Polymers  that  showed  an  ultrasound-enhanced 
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degradation  include  poly[bis(p-carboxyphenoxy)]alkane  anhydrides,  polylactide,  and 
polyglycolide  (Bhatnagar  and  Venuganti,  2015).  Ultrasound-responsive  nanobubbles 
loaded  with  paclitaxel  and  siRNA's  targeting  antiapoptosis  genes  were  developed  to 
overcome  the  efflux  pump-mediated  mechanism  of  drug  resistance  in  hepatocellular  car¬ 
cinoma.  After  app  low-frequency  ultrasound  to  the  tumor  site,  it  was  observed  that  this 
system  increased  drug  penetration  into  the  tumor,  which  resulted  in  decreasing  tumor 
volume  in  mice  (Yin  et  al.,  2014).  The  main  advantage  of  stimuli-responsive  drug  delivery 
systems  is  the  ability  to  control  the  drug  release  by  endogenous  or  exogenous  stimuli. 
Unfortunately,  these  systems  can  be  easily  affected  by  many  external  factors,  which  results  in 
problems  such  as  low  drug  release  accuracy  and  unwanted  side  effects.  To  overcome  these 
problems,  delivery  systems  with  multistimuli  responsive  ability  have  been  developed  to 
enhance  the  accuracy  of  drug  release  in  the  complex  pathological  environment  (Karimi  et  al., 
2016;  Zhuang  et  al.,  2013).  Many  multistimuli  responsive  systems  have  been  developed  for 
different  cancer  types;  some  of  these  systems  are  listed  in  Table  6.11  (Bhatnagar  and 
Venuganti,  2015). 


TABLE  6.10  Thermosensitive  Systems  in  Cancer  Therapy 


Thermosensitive  System 

Anticancer  Agent 

Switching 
Temperature  (°C) 

Cancer  Type 

P  (NIP  AM-co- A  A) 

Doxorubicin 

5-50 

Breast  cancer 

P(NIPAM) 

Doxorubicin 

33.4,  38.3 

Multimodal  cancer 

P(NIP  AM-co- AAm) 

Doxorubicin 

40,  >0 

Colon  cancer 

Elastin-like  peptide 

Radionuclide 

27,  62.5 

Advanced  stage  tumoral  cancers 

Pluronic  FI  27— chitosan 

Curcumin 

37 

Prostate  cancer 

(Fe304)-P(NIPAM) 

Doxorubicin 

35 

Cancer 

P (NIM AM-co-N,  NDMAM)-b-PLa 

Adriamycin 

40 

Bovine  aorta  Endothelial 

TABLE  6.11 

Multi-  and  DuaLResponsive  Carrier  Systems  for  Cancer  Targeting 

Stimuli 

Combination 

Carrier  System  and  Linkages 

Anticancer  Agent 

pH/ 

temperature 

Poly(N-isopropylacrylamide-co-IV,IV-dimethylacrylamide-co-10- 
undecenoic  acid)  [P(NIPAM-co-DMAAm-co-UA)]  nanoparticles 

Doxorubicin 

Poly(IV-isopropylacrylamide-co-acrylic  acid)-block-polycaprolactone  [P 
(NIP AM-co- AA)-b-PCL]  nanoparticles 

Paclitaxel 

Poly(D,L-lactide)-g-poly(AMsopropylacrylamide-co-methacrylic  acid) 
[PLA-g-P(NIPAAm-co-MAA)]  nanoparticles 

5-Fluorouracil 

Poly(AMsopropylacrylamide-co-IV,IV-dimethylacrylamide-block-lactide/  e 
-caprolactone)  [P(NIPAM-co-DMAAm)-b-PLA/PCL]  micelle 

Adriamycin 

Poly(/3-aminoester)  based  dendrimer  nanoparticles 

Doxorubicin 

(Continued) 
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TABLE  6.11  (Continued) 


Stimuli 

Combination 

Carrier  System  and  Linkages 

Anticancer  Agent 

pH/ redox 

Poly(2-(pyridin-2-ylclisulfanyl)ethyl  acrylate)-g-polyethylene  glycol/ cyclo 
(Arg-Gly-Asp-d-Phe-Cys)  (PDS-g-PEG/cRGD)  nanoparticles 

Doxorubicin 

Poly(£-caprolactone)-block-p(oligo(ethylene  glycol)  monomethyl  ether 
methacrylate-co-  p(methacryloxyethoxy)benzaldehyde)  [PCL-b-P 
(OEGMA-co-MAEBA)]  micelles 

Doxorubicin  and 
camptothecin 

Poly(ethylene  oxide)-block-poly(methyacrylic  acid)  (PEO-b-PMAA) 
micelles 

Adriamycin 

Polyethylene  glycol  nanostructures 

Doxorubicin  and 
oligonucleotide 

pH  /magnetic 

Polyethylene  glycol-Fe304  nanoparticles 

Doxorubicin 

Methoxy  polyethylene  glycol-block-poly(methacrylic  acid)-block-poly 
(glycerol  monomethacrylate)  (mPEG-b-PMAA-b-PGMA)  coated  Fe304 
nanoparticles 

Adriamycin 

Polyethylene  glycol-poly(imidazole  L-aspartamide)-2-vinylpyridine 
coated  Fe3  04-Si02  nanoparticles 

Doxorubicin 

1,3,5-Triazaadamantane  Fe304  capped  mesoporous  silica  nanoparticles 

Doxorubicin 

Temperature/ 
pH/ redox 

Poly(oligo(ethylene  glycol)  acrylate-co-2-(5,5-dimethyl-l,3-dioxan-2-yloxy) 
ethyl  acrylate)  [P(OEGA-co-DMDEA)]  nanogels  containing  bis(2- 
acryloyloxyethyl)  disulfide 

Doxorubicin, 

paclitaxel 

pH/redox/ 

magnetic 

Fe(II)  loaded  poly(methacrylic  acid)  microcontainers  crosslinked  by  N,N- 
methylene-bisacrylamide  and  N,IV-bis(acryloyl)-cystamine 

Daunorubicin 

6*7*22  Hemodialysis  Membranes 

Hemodialysis  is  the  process  by  which  the  blood  component  levels  are  corrected  and 
works  by  the  diffusion  of  the  blood  through  membranes  that  remove  unwanted  com¬ 
pounds  out  of  the  blood.  Patients  suffering  from  the  end-stage  renal  disease  have  to  go 
through  this  process  three  times  every  week.  Hemodialyzers  that  are  currently  used  are 
mainly  coated  with  biocompatible  polymers;  the  use  of  biocompatible  polymers  reduces 
adverse  effects  caused  by  the  contact  between  the  surface  of  the  hemodialyzer  and  blood 
components  (Tagaya  et  al.,  2017).  One  of  the  most  used  polymers  in  separation  fields  is 
polyethersulfone  (PES)  due  to  its  diverse  desirable  properties  such  as  its  stability  towards 
oxidative  and  hydrolytic  reactions,  good  mechanical  properties,  and  film-forming  ability. 
When  used  in  hemodialysis  membranes  it  provides  high  permeability  for  proteins  with 
low  MW  (Su  et  al.,  2011).  Other  polymeric  materials  that  are  used  in  hemodialysis  mem¬ 
branes  are  cellulosic  membranes  such  as  regenerated  cellulose,  cellulose  triacetate,  and  cel¬ 
lulose  diacetate,  or  synthetic  polymeric  membranes  such  as  polymethylmethacrylate 
(PMMA),  polysulfone,  polyacrylonitrile,  and  ethylene- vinyl  alcohol  copolymer  (Yamashita 
and  Sakurai,  2015). 
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6*7*23  Shape  Memory  Polymers 

Shape  memory  polymers  have  gained  a  lot  of  attention  due  to  their  mechanical  func¬ 
tionality.  These  polymers  can  change  in  shape  from  a  temporary  shape  to  a  final  shape 
and  vice  versa  (Fig.  6.17).  The  shape  change  is  stimulated  by  a  magnetic  field,  pH 
change,  light,  or  heat.  The  ability  of  these  polymers  to  change  in  shape,  especially 
expanding,  has  made  them  perfect  for  reducing  invasion  of  surgeries  that  include  the 
insertion  of  a  type  of  implant  inside  the  body  (Yahia,  2015).  Other  biomedical  applica¬ 
tions  include  repairing  cardiac  valves,  sutures,  drug  delivery,  orthodontic  applications, 
and  catheters.  Biodegradable  shape  memory  polymers  include  polyesters  such  as 
poly-p-dioxanone)  (PPDO),  polyhydroxyalkanoates  (PHAs),  PCL,  and  PLA  (Wang 
et  al.,  2017). 

Many  types  of  shape  memory  polymeric  stents  have  been  investigated  and 
presented  promising  results  as  some  of  the  stents  can  fully  expand  at  37°C  such  as 
stents  that  contained  25  wt%  of  poly[CR)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] 
(PHBV),  which  achieved  it  in  25  s  (Serrano  and  Ameer,  2012).  Biodegradable,  self- 
expandable  stent  has  been  fabricated  with  blends  of  a  particular  ratio  of  PLGA  and 
PLA.  The  stent  showed  good  hemocompatibility  and  self-expansion,  hence  this  stent 
can  provide  a  better  option  than  metallic  stents  (Sonawane  et  al.,  2017).  In  another 
study,  a  shape  memory  drug-eluting  stent  was  made  from  crosslinked  PEG-PCL  copol¬ 
ymer  network  that  possessed  a  melting  point  close  to  human  body  temperature;  the 
stent  released  the  loaded  drugs  (curcumin  and  mitomycin  C)  after  its  shape  memory 
performance.  Crosslinked  poly-e-caprolactone  and  poly(sebacic  anhydride)  (PSA)  com¬ 
posite  was  investigated  as  a  drug  eluting  system  and  results  showed  that  this  system 
has  great  potential  in  biomedical  applications  especially  as  drug-eluting  stents  (Xiao 
et  al.,  2010;  Yang  et  al.,  2013).  Shape  memory  polymers  (SMPs)  were  investigated  in  the 
treatment  of  segmental  bone  defects.  The  main  advantage  of  using  degradable  shape 
memory  polymers  is  avoiding  the  need  for  postsurgery  to  remove  metal  plates  or 
external  fixators  that  are  used  for  stabilization  during  the  healing  process. 
Biodegradable  nanoparticles  with  polyhedral  oligomeric  silsesquioxane  (POSS)  core 
and  8  poly(D,L-lactide)  (PDLA)  arms  were  developed  and  showed  no  pathologic 
abnormalities  after  1  year  of  implantation  in  male  rats,  which  makes  this  degradable 


FIGURE  6. 1 7  Schematic  diagram  showing  the  expansion 
^  of  a  stent  made  from  shape  memory  polymeric  materials. 


Time 
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POSS-SMP  nanocomposite  a  possible  candidate  for  tissue  repair  applications  (Baker 
et  al.,  2016;  Xu  and  Song,  2010). 

In  vitro  studies  of  peripheral  embolization  devices  from  shape  memory  polymers  to 
evaluate  their  efficacy  and  safety  were  carried  out,  in  which  SMP  foam  formulations 
showed  great  results  including  the  safety  of  the  mechanical  properties  of  these  devices 
that  reduce  the  chance  of  rupturing  or  perforating  blood  vessels,  and  lower  device  stiff¬ 
ness  compared  with  conventional  embolic  devices,  which  provide  better  access  to  tortuous 
vessels.  However,  in  vivo  studies  are  required  for  biocompatibility  testing  and  further 
safety  and  efficacy  evaluation  (Landsman  et  al.,  2016). 


6*8  CONCLUSION 


Polymers  possess  great  importance  not  only  in  the  medical  fields  but  also  in  many 
other  aspects  of  daily  life.  Designing  and  selecting  the  right  polymer  is  of  paramount 
importance  for  the  intended  applications  such  as  the  preparation  of  pharmaceutical 
formulation,  nanoparticles,  drug  conjugates,  or  for  tissue  engineering  purposes. 
Polymers,  in  general,  should  be  biocompatible,  cost-effective,  nontoxic,  and  multi¬ 
functional.  Different  polymer  classes  with  the  ability  to  tailor  formulations  by 
adjusting  MW,  the  degree  of  crystallization,  cross-linking  degree,  copolymers,  and 
preparing  polymer  blends  enable  these  polymers  to  be  used  in  a  wide  range  of  appli¬ 
cations  in  virtually  all  the  medical  fields.  Polymeric  materials  have  a  major  role  in 
formulating  pharmaceutical  products  for  various  purposes  including  their  use  as 
excipients,  protection  of  the  drug  from  degradation,  or  to  control  drug  release.  Smart 
polymers  have  offered  great  potential  in  preparing  more  intelligent  drug  delivery  sys¬ 
tems  to  achieve  and  improve  the  therapeutic  effect  of  certain  drugs  by  exhibiting 
changes  in  their  physiochemical  properties  after  being  triggered  by  exogenous  or 
endogenous  stimuli.  These  polymers  have  shown  promising  results  in  cancer  therapy 
and  drug  targeting.  Many  biosensors  have  been  developed  by  the  use  of  polymeric 
materials  for  various  diseases.  Conducting  polymers,  on  the  other  hand,  are  being 
investigated  in  various  biomedical  applications  such  as  the  development  of  controlled 
drug  release,  artificial  muscles,  the  stimulation  of  nerve  regeneration,  and  neural 
recording. 

Further  developments  of  processing  techniques,  with  the  support  of  computer-aided 
technology,  have  allowed  for  the  formation  of  scaffolds  and  particles  with  highly 
complex  architectures  to  resemble  their  biological  counterparts.  Although  the  develop¬ 
ments  in  polymeric  materials  research  have  been  critical,  the  advancements  in  biologi¬ 
cal  research  are  what  keeps  providing  a  better  understanding  of  the  way  biomaterials 
can  interact  with  the  host  on  several  levels  (e.g.,  cellular,  tissue,  organ,  and  systemic 
level).  Collaborative  work  of  material  scientists,  chemists,  engineers,  biologists,  and 
clinicians  can  further  encourage  the  continuous  progress  in  the  field  of  polymeric 
biomaterials. 
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Abbreviations 

AFM  atomic  force  microscopy 

API  active  pharmaceutical  ingredient 

AUC  the  area  under  the  curve 

CMC  carboxymethyl  cellulose 

DAPT  dual  antiplatelet  therapy 

DEB  drug-eluting  balloon 

DMA  dynamic  mechanical  analysis 

DSC  differential  scanning  calorimetry 

EC  ethylcellulose 

ECM  extracellular  matrix 

ePTFE  expanded  polytetrafluoroethylene 

ESR  electron  spin  resonance  spectroscopy 

FDA  Food  and  Drug  Administration 

GIT  gastrointestinal  tract 

H2S04  sulfuric  acid 

HA  hyaluronan 

HDPE  high-density  polyethylene 

HF  hydrofluoric  acid 

HPC  hydroxypropyl  cellulose 

HPMA  N-(  2-hydroxypropyl)-methacrylamide 

HPMC  hydroxypropyl  methylcellulose 

IR  infrared  spectroscopy 

IUD  intrauterine  device 

LCST  lower  critical  solution  temperature 

LLDPE  linear  low-density  polyethylene 

MC  methylcellulose 

MCC  microcrystalline  cellulose 

MRI  magnetic  resonance  imaging 

MW  molecular  weight 

NMR  nuclear  magnetic  resonance  spectroscopy 

PA  polyacetylene 

PAA  polyacrylamide 

PANI  polyaniline 

PBMA  polybutyl  methacrylate 

PCL  polycaprolactone 

PCS  photon  correlation  spectroscopy 

PEDOT  poly  (3,4-ethylenedioxy  thiophene) 

PEG  polyethylene  glycol 

PEO  polyethylene  oxide 

PET  positron  emission  tomography 

PEVA  polyethylene-co-vinyl  acetate 

PGA  poly  glycolic  acid 

PIP  AM  poly(AMsoproylacrylamide) 

PLA  polylactic  acid 

PLCL  poly(D,L-lactide-co-caprolac-  tone) 

PLGA  polylactic  glycolic  acid 

PMAA  poly(methacrylic  acid) 

PMLA  poly(malic  acid) 

PMMA  polymethylmethacrylate 

PNC  polymer  nanocomposite 

PNP  polymeric  nanoparticles 
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POE 

POSS 

PPDO 

PPy 

PS 

PT 

PTFE 

PTX 

PVA 

PVC 

PVP 

QELS 

Rg 

SEC 

SMP 

SPECT 

TEM 

T 

1g 

TGA 

TMA 

TPE 

UHMWPE 

XRD 


polyorthoesters 

polyhedral  oligomeric  silsesquioxane 

poly(p-dioxanone) 

polypyrrole 

polystyrene 

polythiophene 

poly(tetrafluoroethylene) 

paclitaxel 

polyvinyl  alcohol 

polyvinyl  chloride 

polyCN-vinyl  pyrrolidone) 

quasi-elastic  light  scattering 

radius  of  gyration 

size  exclusion  chromatography 

shape  memory  polymers 

single  photon  emission  computed  tomography 

transmission  electron  microscopy 

glass  transition  temperature 

thermal  gravimetric  analysis 

thermal  mechanical  analyzer 

thermoplastic  elastomers 

ultrahigh  molecular  weight  polyethylene 

X-ray  diffraction 
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7.  LEVELS  OF  DRUG  TARGETING 


7.1  TARGETED  DRUG  DELIVERY  SYSTEMS:  ADVANTAGES  AND 

REQUIREMENTS 


The  mechanistic  approach  needed  to  facilitate  the  drug  to  reach  its  target  site  of  action 
in  appropriate  quantity  with  specificity  is  termed  as  drug  targeting.  In  accordance  with 
the  "magic  bullet"  concept  of  Paul  Ehrlich  targeting  is  about  the  hypothetical  interaction 
of  two  mechanisms:  identifying  and  binding  the  target,  and  then  providing  the  pharmaco¬ 
logical  response.  In  simple  terms,  a  targeted  system  can  be  conceptualized  as  a  guided 
missile  that  reaches  only  its  target  selectively  without  touching  the  neighborhood 
(Torchilin,  2000). 

In  drug  targeting,  the  drugs  accumulate  in  the  target  organ  or  tissue  selectively  and 
quantitatively.  A  clear  understanding  of  the  level  of  targeting  makes  it  easy  to  decide  the 
targeting  moiety,  ligand,  or  carrier  system.  Also,  targeted  delivery  allows  a  minimum 
amount  of  drug  reaching  the  nontarget  organs  and  tissues  to  provide  an  efficacious  and 
safe  drug  delivery  system.  In  a  very  broad  manner,  there  can  be  three  drug  targeting 
levels:  first,  second,  and  third;  molecular  level  may  be  assigned  as  the  fourth  level.  The 
other  way  to  classify  targeting  is  active  and  passive  targeting,  reverse  and  physical  meth¬ 
ods  used  in  targeting  (Kumar  and  Sharma,  2018;  Tekade  et  al.,  2015;  Soni  and  Yadav, 
2016). 

Different  delivery  systems  utilizing  varied  approaches  and  mechanisms  are  involved  in 
targeting  the  therapeutics  to  reach  the  site  of  action.  These  delivery  systems  allow  the 
drug  to  cross  or  bypass  numerous  biological  barriers  in  this  process.  The  body's 
physiological  processes  like  opsonization  or  biotransformation  issues  are  all  avoided  by 
the  delivery  system  for  drug  targeting  (Maheshwari  et  al.,  2015).  Drug  targeting  has 
numerous  advantages,  which  are  illustrated  in  Fig.  7.1. 

Other  than  the  advantages  shown  in  Fig.  7.1,  a  requirement  of  targeted  drug  delivery 
systems  in  therapeutics  is  the  ease  of  functionalization.  They  allow  surface  modifications 
via  ligand— receptor  interactions.  A  surface  modification  strategy  such  as  PEGylation 
enhances  the  half-life  (fi/2)  of  the  drug  in  systemic  circulation,  thereby  increasing  the 
bioavailability  of  drugs  and  allowing  controlled  or  sustained  delivery  of  the  bioactive  with 
tailored  drug  release  kinetics.  In  addition,  stimuli-responsive  devices  can  be  sensitive  to 
both  the  endogenous  stimuli  such  as  a  change  in  temperature,  or  glutathione  concentration 
and  external  stimuli  such  as  light  or  magnetic  field.  Newer  known  stimuli  like  pathologi¬ 
cal  stimuli,  or  ultrasound-sensitive  therapeutics  are  well  suited  for  targeted  delivery.  They 
also  show  an  active  response  at  the  cellular  level,  for  example,  promoting  the  escape  of  the 
nanodevice  from  the  lysosomes  to  the  cell  cytoplasm  (Torchilin,  2000). 

Moreover,  they  can  be  made  long-circulating  and  hence  remain  in  blood  circulation  for 
a  longer  time.  Site-specific  drug  delivery  is  possible  escaping  the  reticuloendothelial 
system  (RES).  Suitable  particle  sizes  of  drug  delivery  can  be  utilized  for  changing  the 
biodistribution  pattern  and  reaching  sites  such  as  bones  and  brain  (Yadav  et  al.,  2011). 
It  is  also  utilized  in  applications  for  effective  use  of  the  endocytosis  pathway  at  the 
tissue  levels.  Most  of  the  routes  of  administration  (intravenous,  oral,  ocular,  or  muco¬ 
sal)  can  be  used  for  targeting.  Targeted  drug  delivery  systems  reduce  nephrotoxicity. 
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FIGURE  7.1 
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Advantages  of  drug  targeting. 


neurotoxicity,  and  cardiotoxicity  of  normal  tissues.  A  few  more  advantages  are  listed 

here  (Xu  et  al.,  2013). 

•  Have  the  potential  to  reach  the  cancer  cell  even  after  multidrug  resistance  (MDR). 

•  For  increasing  drug  concentration  at  the  target  location. 

•  More  useful  treatment  option  at  the  time  of  patient  relapse  in  chemotherapy  due  to 
reduced  efficacy  or  poor  accumulation  of  the  drug  in  the  tumor. 

•  Nanocarriers  as  targeted  delivery  systems  are  most  useful  and  emerging  platform  for 
cancer  therapy. 

•  Nano  drug  delivery  systems  can  be  internalized  by  the  target  a  cell  hence  avoid 
accumulating  in  nontarget  tissues;  this  is  a  major  requirement  in  cancer  therapy. 


7*2  SCHEME  AND  RATIONALE  FOR  DRUG  TARGETING 

Drug  targeting  is  suitable  for  drugs  having  low  specificity,  low  therapeutic  index,  low 
absorption,  short  half-life,  or  a  large  volume  of  distribution.  All  such  cases  necessitate  for¬ 
mulation  of  the  drugs  into  the  targeted  delivery  system.  Targeted  drug  delivery  systems 
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minimize  the  adverse  effects  by  making  changes  in  the  inappropriate  disposition  of  the 
drug  and  reducing  its  presence  in  nontargeted  areas.  At  the  same  time,  drug  targeting  also 
maximizes  the  therapeutic  efficacy  of  the  drug  by  preventing  its  inactivation  during  the 
journey  to  the  target  site.  Also,  there  is  no  degradation  of  the  drug  before  reaching  the  site 
and  no  touching  upon  the  nontargeted  cells  thereby  total  dose  is  also  reduced.  This  is 
more  important  in  cancer  therapy  where  dose  reduction  leads  to  reduced  toxicity  toward 
healthy  cells.  These  are  some  of  the  factors  that  must  be  taken  into  consideration  while 
designing  appropriate  targeted  delivery  system  (Huang  and  Kauffman,  2013). 


7*2*1  Low  Absorption 

Some  of  the  therapeutics,  particularly  the  peptides  and  proteins,  suffer  from  low 
absorption  due  to  the  enzymatic  barriers  or  poor  permeation  across  the  membranes  of  the 
digestive  system.  Peptides  that  have  a  molecular  weight  of  more  than  6000  Da  do  not  have 
good  permeability  across  the  intestine  making  them  less  useful  to  be  administered  orally. 
Hence  the  parenteral  route  is  often  used  in  such  cases.  However,  to  achieve  desired  phar¬ 
macological  effects,  dosage  frequency  of  these  injections  needs  repeated  administration. 
Herein  the  use  of  targeted  delivery  is  necessary  in  cases  of  lower  absorption  to  achieve  the 
outcome  (Renukuntla  et  al.,  2013). 


7*2*2  Short  Half -Life 

Targeted  drug  delivery  is  most  desired  for  drugs  with  short  half-lives  (<4  h)  to  reduce 
dose  frequency  and  lower  the  intensity  of  undesired  effects  due  to  fluctuations  in  drug 
concentrations.  Especially  when  maintenance  of  a  therapeutic  effect  overnight  is  not 
possible  due  to  erratic  dosage  regimen  leading  to  higher  intensity  of  undesired  effects.  The 
genes  with  short  half-lives  can  be  targeted  to  the  specific  RNA  binding  proteins.  The 
mRNA  genes  which  have  short  half-life  can  be  regulated  by  targeting  prolyl  isomerase 
pinl  to  RNA  binding  proteins  (Manish  and  Vimukta,  2011). 


7*2*3  Large  Volume  of  Distribution 

The  volume  of  distribution  (Vd)  specifies  how  widely  the  drug  is  distributed  in  the 
body.  It  represents  the  apparent  volume  into  which  the  drug  is  dissolved.  The  larger  is  the 
Vd,  the  less  it  is  able  to  reach  the  tissues  it  is  expected  to  reach  and  exert  its  pharmacologi¬ 
cal  effect.  Usually,  the  acidic  drugs  which  are  plasma  protein  bound  have  smaller  Vds. 
The  basic  drugs  that  are  bound  to  extravascular  sites  extensively  comparatively  have  a 
larger  Vd  (Wooten,  2012). 

However,  Vd  is  greatly  affected  by  the  disease  state  of  the  patient.  In  liver  failures, 
lower  serum  albumins  are  available  for  binding  allowing  higher  Vds.  Digoxin  being 
hydrophobic  distributes  into  fats  and  muscles  and  has  a  high  Vd  of  640  L.  Nintedanib 
again  has  a  high  Vd  but  does  not  reach  CNS  necessitating  a  targeted  delivery  to  reach  its 
site  of  action  (Smith  and  Van  de  Waterbeemd,  2012). 
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7*2*4  Low  Specificity 

Lack  of  target  specificity  and  selectivity  of  the  drug  toward  the  cells  as  compared  with 
the  normal  cells  makes  insufficient  accumulation  leading  to  low  or  no  therapeutic 
response.  Incorporating  receptor  targeting  is  recommended  for  drugs  having  reduced 
specificity.  Drugs  can  be  conjugated  to  antibodies  or  ligands  to  enhance  target  specificity. 
PEGylated  liposomes  loaded  with  protein  or  peptides  tagged  with  transferrin  have  been 
shown  to  cross  the  blood— brain  barrier  (BBB)  and  are  an  effective  way  of  targeting  drug 
delivery  to  the  brain  (Kamaly  et  al.,  2012). 


7*2*5  Low  Therapeutic  Index 

The  ratio  of  the  therapeutic  dose  to  the  toxic  dose  is  indicated  by  the  therapeutic  index 
or  therapeutic  window.  The  therapeutic  index  is  an  indication  of  the  efficacy  of  the  drug 
in  producing  desired  pharmacological  results.  A  drug  with  lower  therapeutic  index  will 
need  a  higher  dose  during  the  treatment  ultimately  increasing  toxicity.  Such  drugs  with 
the  lower  therapeutic  index  can  be  used  for  targeting  applications  to  deliver  the  correct 
dose  at  the  site  of  action.  Most  of  the  anticancer  drugs  show  higher  toxicity  due  to  low 
therapeutic  index,  for  example,  methotrexate.  Various  factors  influencing  the  drug  target¬ 
ing  are  also  important  and  therefore  discussed  in  the  next  section  (Muller  and  Milton, 
2012). 


7*3  VITAL  PROPERTIES  INFLUENCING  DRUG  TARGETING 
7*3*1  Drug 

7. 3. 1 . 1  Drug  Concentration 

Only  if  the  drug  is  present  in  anticipated  dose  at  the  site  of  action,  will  it  be  able  to 
show  its  pharmacological  action.  The  drug  plasma  level  concentration  needs  to  be  retained 
within  the  therapeutic  window  to  have  the  desired  therapeutic  action.  When  any  drug  is 
given  as  a  single  bulk-dose  the  level  may  elevate  beyond  maximum  safe  concentration 
and  lead  to  side  effects  and  suddenly  decline  below  the  minimum  effective  concentration. 
In  case  of  multiple  dosing  drug  levels  variation  can  be  minimized  but  this  shows  patient 
noncompliance  problems.  Hence  the  development  of  a  targeted  drug  delivery  system 
needs  to  be  developed  to  allow  the  desired  therapeutic  dose  to  the  site  of  action.  Drug 
targeting  leads  to  transport  of  molecules  to  their  precise  target  sites  (Tekade  et  al.,  2009a,b; 
Fuchs  et  al.,  2009). 

A  dipeptidyl  peptidase  4  (DPP-4)  inhibitor  (BI  1356)  showed  protein  binding  depen¬ 
dence  on  the  concentration  of  plasma  proteins.  It  was  observed  that  this  affinity  of  the  pro¬ 
tein  binding  was  saturable  at  therapeutic  plasma  concentrations.  Stock  et  al.  studied  the 
concentration-dependent  binding  in  the  membrane  proteins  with  the  ligands.  Membrane 
proteins  are  key  targets  that  allow  the  binding  of  most  of  the  small  molecule  drugs.  These 
are  multiple  saturable  sites  that  show  therapeutic  signs  after  binding  for  most  cancers  and 
neurological  diseases  (Stock  et  al.,  2017). 
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Quintana  et  al.  studied  the  internalization  of  the  nanodevices  targeted  to  tumor  cells  via 
the  folate  receptors.  It  was  observed  that  binding  was  concentration  dependent.  The  high¬ 
est  internalization  was  observed  with  incubation  of  30  nM  concentration  of  carboxyl  sur¬ 
faced  nanodevice,  which  decreased  with  any  further  increase  in  concentration.  To  achieve 
50%  of  maximal  binding  affinity,  only  23  nM  was  needed  for  the  complex,  detected  with 
the  acetamide  device.  A  fourfold  improvement  in  cytotoxicity  was  observed  with  the 
nanodevice  in  KB  cells  as  compared  with  the  free  drug  due  to  better  internalization. 
Intracellular  drug  delivery  shows  better  and  more  efficient  impact  over  simple  diffusion  of 
the  drug  into  the  cells  (Quintana  et  al.,  2002). 

SsolOa  proteins  are  small  DNA-binding  proteins  showing  structure  dependent  protein 
functions,  which  in  turn  are  dependent  on  the  concentrations.  At  low  concentrations 
(Fig.  7.2),  SsolOal  bends  DNA  by  binding  in  cis,  and  at  increased  concentrations,  there  are 
dimer— dimer  interactions  leading  to  the  bridging  of  two  DNA  segments  (B)  (Driessen 
et  al.,  2016). 

At  increased  protein  concentrations  adjacent  dimers  show  greater  electrostatic 
dimer— dimer  interactions  resulting  in  protein-DNA  filaments  (C).  Such  proteins  show  dif¬ 
ferent  binding  behavior  stoichiometry  leading  to  altered  levels  of  expression  in  the  cell, 
which  can  be  exploited  for  genome  folding.  The  effects  of  concentration-dependent  plasma 
protein  binding  are  well  known,  but  nintedanib  is  an  example  of  a  drug  that  shows 
concentration-independent  plasma  protein  binding.  Nintedanib  is  a  small  molecule  tyro¬ 
sine  kinase  inhibitor.  In  an  in  vitro  investigation,  it  was  found  that  nintedanib  inhibits  the 
target  receptors  at  low  nanomolar  concentrations.  In  human  lung  fibroblast  concentrations 
between  100  and  1000  nmol/L  of  nintedanib  has  shown  to  inhibit  PDGF-,  FGF-,  and 
VEGF.  In  the  entire  concentration  range  of  50— 2000ng/mL  the  albumin  binding  was 
found  to  be  concentration-independent  (Roth  et  al.,  2016). 


FIGURE  7.2  Binding  modes  SsolOa  shown  on  a  model  (concentration-dependent).  Source:  Adapted  with  permis¬ 
sion  from  Driessen,  R.P.,  Lin,  S.-N.,  Waterreus,  W.-J.,  Van  Der  Meulen,  AL.,  Van  Der  Valk,  R.A.,  Laurens,  N.,  et  al., 
2016.  Diverse  architectural  properties  of  SsolOa  proteins:  evidence  for  a  role  in  chromatin  compaction  and  organization.  Sci. 
Rep.  6,29422. 
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7. 3. 1.2  Particulate  Location  and  Distribution 

The  target  is  either  a  protein  or  a  macromolecule,  which  allows  a  drug  to  bind  to  it. 
Once  binding  takes  place,  there  is  an  alteration  or  change  in  the  function  of  the  bound 
molecule  to  exert  a  pharmacological  response.  In  these  sequences,  there  are  a  transporter 
system  and  carrier  to  help  in  showing  the  desired  therapeutic  effect.  The  transporter  is  a 
membrane-bound  protein  that  transports  molecules  across  membranes  or  inside  the  cells. 
Whereas,  the  carrier  is  a  secreted  protein  that  carriers  the  bound  drug  to  the  cell  transpor¬ 
ters.  Such  drug  carriers  are  used  to  increase  the  effectiveness  to  reach  the  target  sites  and 
exert  the  pharmacological  response  (Chomoucka  et  al.,  2010). 

The  target  protein  affects  the  clearance  of  biologicals  and  shows  dose-dependent  clear¬ 
ance  and  half-life.  At  lower  doses  of  the  drug,  the  half-life  becomes  shorter  as  the  drug  is 
not  able  to  saturate  the  target  site.  Clearance  rate  is  indirectly  proportional,  and  as  there  is 
an  increase  in  binding  to  the  target  protein,  there  is  a  decrease  in  clearance.  Receptor  sink 
is  the  term  for  such  target-dependent  clearance,  which  plays  an  important  role  in  the  inter¬ 
nalization  of  biologicals  in  cell  membrane  receptors  (Smith  et  al.,  2010). 

Avoiding  a  particular  location  can  sometimes  be  of  critical  importance  to  prevent  a  toxic 
effect.  Liposomes  are  known  to  show  a  site-avoidance  mechanism  in  which  they  do  not 
come  in  contact  with  certain  organs  such  as  kidneys,  brain,  or  heart.  This  has  been  benefi¬ 
cial  particularly  for  liposomal  amphotericin  B  for  reducing  nephrotoxicity  by  avoiding  kid¬ 
neys  and  liposomal  doxorubicin  reducing  cardiotoxicity  by  avoiding  the  cardiac  site. 

Physiology  of  various  receptors  on  the  organs  such  as  brain,  liver,  or  lungs  makes  it 
easy  to  understand  the  applications  of  targeted  delivery  to  these  sites.  Receptors  are 
devices  that  are  rooted  inside  the  cell  membrane  with  wire-like  substances  protruding 
from  inside  to  outside  for  binding  the  outside  molecules.  The  receptors  are  activated  once 
bound  and  transmit  information  from  outside  to  inside  the  cell  (Park  et  al.,  2010).  Table  7.1 
lists  some  of  these  receptors. 


TABLE  7.1  Some  Examples  Drugs  With  Their  Binding  Receptors 


Receptor  Drugs 


Bisoprolol,  Metoprolol,  Atenolol 
Salbutamol,  Fenoterol,  Formoterol 


(3i-Adrenergic  receptor 
(32-Adrenergic  receptor 
D1/2(3_5)  Dopamine  receptors 
D4-Receptor 
Fh-Histamine  receptor 
H2-Histamine  receptor 
5HTla-Serotonin  receptor 
5HT  lb/d-Receptors 
M2/3/4-Muscarinic  receptors 


L-DOPA 

Clozapine 

Diphenhydramine,  Dimetindene 
Cimetidine,  Ranitidine 
Buspirone 

Sumatriptan,  Zolmitriptan 
Atropine,  Ipratropium 
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l  i 


Activated  ester 
containing  polymer 


Surface-modified  nanogel 


FIGURE  7.3  Surface-modified  nanogel  system.  An  activated  ester  is  being  used  to  form  a  cross-linker  and 
forms  a  nanogel  by  self-assembly.  This  can  be  made  surface-modified  by  use  of  hydrophilic  polymers. 


Cross-linker 


Nanogel 


The  disease  influenced  site  can  be  managed  after  delivery  of  nanocarrier  in  the  body 
fluids  but  this  strategy  is  not  so  easy  and  is  affected  by  various  factors  including  nanocar- 
riers'  interaction  with  serum  proteins,  nanocarriers'  clearance  by  RES,  and  accumulation  at 
nonspecific  organ  sites.  To  avoid  these  barriers  or  obstructions,  the  surface  of  these  nano¬ 
carriers  can  be  manipulated  (Fig.  7.3). 

Manipulation  is  usually  done  with  hydrophilic  inert  polymers  like  polyethylene  glycol 
(PEG).  Surface-modified  nanogels  (Systems)  can  also  be  organized  by  chemical  crosslink¬ 
ing  of  core  constituting  poly(2-N,  N-(diethylamino)  ethyl  methacrylate)  gel  enclosed  by 
PEG  layers.  When  these  systems  were  compared  with  self-assembled  nanocarriers,  they 
showed  better  stability  under  very  dilute  and  great  salt  conditions.  In  another  study 
reported  by  Shimoda  et  al.,  it  was  revealed  that  chemically  modified  systems  avoided  the 
stability  issues  of  physically  bonded  nanogel  in  vivo. 

Site-specific  delivery  at  a  specific  location  in  the  body  can  also  be  improved  by  the 
surface  decoration  of  delivery  systems  with  specific  targeting  moieties.  For  example, 
attachment  of  biotin,  transferrin,  folate,  etc.  It  was  reported  that  polymethacrylate  gel 
manipulated  with  folate  revealed  selective  and  greater  uptake  by  cancer  cells  with  overex¬ 
pression  of  folate  receptors  (FR)  (Shimoda  et  al.,  2012). 


7.3.1. 3  Molecular  Weight 

A  small  molecule  drug  is  that  which  has  a  molecular  weight  below  500  Da.  A  low 
molecular  weight  drug  has  the  advantages  of  easily  entering  into  the  cells  due  to  diffusion. 
In  chemotherapy,  small  molecule  drugs  are  easier  to  enter  the  cell  and  hence  target  the 
cells.  It  is  only  once  the  drug  has  entered  the  cell,  it  gets  the  opportunity  to  interact  with 
other  molecules  of  the  cell.  A  high  molecular  mass  of  ~1000  kDa  hampers  permeation  by 
diffusion  across  the  epithelial  cells  along  the  gastrointestinal  tract  (Tiyaboonchai,  2013). 

Low  molecular  weight  proteins  (LMWPs),  such  as  lysozymes,  may  be  suitable  carriers 
to  target  drugs  to  the  kidney.  LMWPs  are  reabsorbed  and  catabolized  by  the  proximal 
tubular  cells  of  the  kidneys.  Hence  LMWPs  are  the  right  drug  carriers  to  release  drugs  to 
the  kidney. 

Low  molecular  weight  hydroxyethyl  chitosan  is  useful  as  a  renal  targeting  carrier 
for  delivery  of  prednisolone  by  specifically  accumulating  in  the  proximal  tubules  by 
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receptor-mediated  endocytosis.  Another  example  is  the  use  of  low  molecular  weight  hepa¬ 
rin  for  targeting  of  lymph  node  metastasis  (Ye  et  al.,  2015). 

A  cross-linked  di-Fab'  (DFM)  was  chemically  modified  with  PEG  of  two  different 
molecular  weights:  5  and  25  kD.  There  was  a  significant  increase  in  the  circulating  half-life 
of  DFM,  ninefold  for  5  kD  PEG-DFM  and  13-fold  for  25  kD  PEG-DFM  at  24  h  after  injec¬ 
tion.  Also,  tumor  uptake  levels  were  also  increased  due  to  longer  residence  time  (Casey 
et  al.,  1999). 

7. 3.1  A  Physicochemical  Properties 

Among  the  physicochemical  properties,  lipophilicity,  ionization,  and  solubility  of  the  drug 
share  a  significant  portion  of  responsibility  for  targeting.  For  example,  exploitation  of  drugs' 
lipophilicity  can  be  utilized  for  their  diffusion  across  the  BBB.  The  prodrug  of  morphine  (dia- 
cetylmorphine/ heroin)  being  more  lipidic  has  better  access  to  the  BBB  barrier.  This  is  because 
a  lipophilic  drug  has  better  chances  of  crossing  the  barrier  (Veiseh  et  al.,  2010). 

Ionization  is  a  phenomenon  that  is  characterized  by  the  development  of  charges  on  the 
molecules  due  to  either  protonation  or  deprotonation.  The  presence  of  functional  groups 
on  most  of  the  drugs  makes  them  ionized  to  some  extent  at  physiological  pH  (pH 
1.5— 7.8).  The  binding  of  a  compound  at  its  site  of  action  is  dependent  on  ionization  state. 
The  un-ionized  form  has  a  role  in  the  formation  of  the  hydrogen  bonding.  Whereas,  the 
ionized  form  impacts  the  strength  of  salt  bridges  or  H-bonds.  Finally,  the  elimination  of 
the  substance  is  due  to  the  ionization  reactions.  Other  kinetic  parameters  like  the  absorp¬ 
tion  or  distribution  of  a  compound  are  also  controlled  as  per  their  acidity  or  basicity 
(Balamuralidhara  et  al.,  2011). 

Cationization  of  the  drug  molecules  is  useful  for  targeted  delivery  for  large  molecular 
drugs,  such  as  proteins  and  peptides.  Alternately  the  molecules  can  be  cationized  by 
conjugation  of  cationized  albumin  or  cationized  antibodies.  This  process  leads  to  the 
formation  of  chimeric  peptides.  The  luminal  side  of  the  BBB  has  an  anionic  charge,  and 
hence  the  absorptive-mediated  endocytosis  (AME)  for  the  transport  of  the  drugs  for  brain 
facilitation  is  done  due  to  electrostatic  interactions  with  the  cationized  drug.  The  AME  is 
also  useful  for  transport  of  plasma  proteins  like  albumin  after  cationization  (Kumar  and 
Sharma,  2018). 

Solubility  increases  dissolution  of  drug  hence  giving  it  a  better  chance  to  reach  a  higher 
volume  of  distribution  and  to  reach  more  organs.  For  the  parenteral  route  solubility  effect 
uses  IV,  SC,  or  IM  routes.  For  IV  route  mostly,  the  aqueous  vehicle  is  to  be  selected.  The 
other  two  have  one  major  limitation,  that  is,  the  volume  of  injection.  The  maximum 
volume  by  SC  injection  is  2.5  mL  whereas  for  IM  it  is  5.0  mL  hence  solubility  of  the  drug 
becomes  a  major  constraint.  For  example,  the  solubility  and  doses  of  the  mAbs  often  pres¬ 
ent  a  problem  to  be  administered  in  small  doses. 

PEGylation  is  one  of  the  techniques  that  can  protect  the  drug  against  proteolytic  degrada¬ 
tion  and  also  increase  its  solubility.  Improvement  in  the  solubility  of  anticancer  drugs  can  be 
used  to  exploit  unique  features  of  tumor  physiology  to  passively  facilitate  intratumoral  accu¬ 
mulation.  However,  solubility  is  a  major  issue  for  anticancer  drugs  as  poor  aqueous  solubility 
affects  healthy  tissue  and  limits  clinical  efficacy.  The  therapeutic  efficacy  of  anticancer  drugs 
can  be  improved  by  use  of  cosolubilizers  or  using  novel  carriers  for  improving  solubility 
(Tekade  and  Sun,  2017).  Anticancer  drug  solubility  can  be  improved  by  conjugation  with 
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carriers.  These  polymer-based  macromolecular  carriers  increase  the  aqueous  solubility  of 
antitumor  drugs,  thereby  enhancing  bioavailability.  Other  benefits  include  better  pharmaco¬ 
kinetics  and  pharmacological  properties  (Dragojevic  et  al.,  2015). 


7*3*2  Carrier 

A  drug  carrier  is  an  entity  or  moiety  that  improves  selectivity,  effectiveness,  and  safety 
and  enhances  the  therapeutic  efficacy  of  the  drug  molecule  on  administration.  Drug  car¬ 
riers  serve  the  main  purpose  of  transportation  of  drug(s)  to  their  site  of  action.  Carriers  are 
the  vectors  that  do  the  herculean  task  of  not  only  transporting  successfully  to  the  target 
site  but  are  there  from  loading  to  unloading  of  the  drug.  It  is  a  carrier  that  makes  sure  to 
keep  the  drug  closer  to  the  vicinity  of  the  target  and  also  maintain  the  inherent  characteris¬ 
tics  of  the  drug  (Janib  et  al.,  2010).  The  drug  carrier  crosses  all  anatomical  barriers  to  be 
recognized  by  the  targeting  site  specifically  and  selectively.  An  ideal  carrier  should  be  bio¬ 
compatible,  biodegradable,  nontoxic,  nonimmunogenic,  and  remain  stable  with  the  drug 
for  the  entire  duration  of  action.  After  reaching  the  site  of  action,  the  carrier  should  either 
release  the  drug  slowly  over  a  period  by  controlling  the  release  or  release  the  drug  over  a 
stimulus.  Such  responsive  system  responds  to  drug  release  with  a  change  in  pH,  light, 
temperature,  or  redox.  The  drug  carrier  is  also  responsible  for  the  active  transport  of  the 
drug  for  internalization  of  the  drug  inside  the  cells  (Bertrand  and  Leroux,  2012). 

7. 3. 2.1  Type  of  Carrier 

There  are  different  types  of  carriers  used  for  targeting  purposes. 

7.3.2.1.1  ENDOGENOUS  PARTICULATE  CARRIERS 

Serum  albumin  resealed  erythrocytes  and  lipoproteins  are  some  examples  of  endoge¬ 
nous  carriers.  The  lipoproteins  are  composed  of  triglycerides  and  cholesteryl  esters,  sur¬ 
rounded  by  a  monolayer  of  phospholipids.  They  have  the  advantage  of  being  endogenous 
hence  they  are  nonimmunogenic.  They  are  classified  into  four  types  based  on  densities: 
high-density  lipoprotein  (HDL),  low-density  lipoprotein  (LDL),  very  low-density  lipopro¬ 
tein  (VLDL)  and  chylomicrons  (Joshi  et  al.,  2012). 

7.3.2.1.2  PHARMACEUTICAL  CARRIERS 

Polymers  as  carriers  allow  greater  flexibility  in  both  structural  and  physiochemical 
properties. 

Some  of  the  polymeric  carriers  used  in  the  drug  delivery  systems  include  microcap¬ 
sules,  microparticles,  nanoparticles,  and  micelles.  Lipids  as  carriers  have  liposomes  and 
solid  lipid  nanoparticles  as  carriers  (Tamarkin  et  al.,  2013). 

7.3.2.1.3  CARRIERS  WITH  TARGETING  MOIETIES 

Targeting  moieties  attach  to  receptors  specifically  and  selectively  located  on  target  cells. 
Carriers  with  the  targeting  moieties  result  in  bonding  of  the  moiety  with  the  receptor  for  a 
more  specific  accumulation  of  therapeutics  at  the  target  site  as  compared  with  the  passive 
targeting.  Some  of  the  targeting  moieties  include  antibodies,  lectins,  proteins,  lipoproteins. 
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hormones,  charged  molecules  of  polysaccharides,  and  low-molecular-weight  ligands 

(Steichen  et  al.,  2013). 

7.3.2.1.4  VESICULAR  SYSTEMS 

The  vesicular  systems  are  highly  ordered  assemblies  by  the  formation  of  one  or  more 
concentric  lipid  bilayers.  Vesicles  are  formed  from  a  varied  range  of  amphiphilic  building 
blocks.  Liposomes,  niosomes,  pharmacosomes,  virosomes,  and  immunoliposomes  are 
some  of  the  vesicular  systems  (Mody  et  al.,  2014;  Kumar  and  Rajeshwarrao,  2011). 

7.3.2.1.5  CELLULAR  CARRIERS 

They  are  the  carriers  present  in  the  human  body  that  have  the  inherent  property  to 
carry  and  transport  therapeutics  from  one  place  to  another.  Erythrocytes,  serum  albumin, 
antibodies,  platelets,  and  leukocytes  are  some  of  the  cellular  carriers  (Yoo  et  al.,  2011). 

7.3.2.1.6  SUPRAMOLECULAR  DELIVERY  SYSTEMS 

Supramolecular  delivery  utilizes  self-assembly  of  building  blocks  via  intermolecular 
interactions  to  prepare  molecules  with  functional  characteristics  having  an  organized  high 
order  structure.  Supramolecular  delivery  systems  are  used  to  alter  physicochemical  and 
pharmacokinetic  characteristics  of  drugs.  Some  of  the  most  common  examples  of  this 
type  include  liposomes,  micelles,  microemulsions,  and  various  molecular  conjugates. 
Supramolecular  nanocarriers  can  be  effectively  used  for  high  passive  selectivity  in  cancer  thera¬ 
peutics  due  to  the  presence  of  porous  tissues.  AmBisome  and  Doxil  are  examples  of  liposomes 
already  established  as  supramolecular  drug  carriers  in  the  market  (Zhang  and  Ma,  2013). 

7.3.2.1.7  MACROMOLECULAR  CARRIERS 

Macromolecules  are  large  biological  complex  molecules.  Some  examples  of  macromolec- 
ular  carriers  are  MAbs,  antibodies,  antibody— enzyme  complexes,  proteins,  polysacchar¬ 
ides,  nucleic  acids,  antisense  oligonucleotides,  and  plasmid  DNA  for  the  gene  delivery 

(Patri  et  al.,  2002). 

7. 3. 2. 2  Amount  of  Excipients 

The  excipient-free  formulation  is  a  distant  dream  as  issues  of  drug  solubility  and  per¬ 
meability  will  always  require  some  amount  of  excipient.  The  amount  of  excipient  to  be 
used  depends  on  the  type  of  formulation  and  intended  target  site.  A  minimal  use  of  exci¬ 
pients  regarding  the  amount  would  simplify  the  formulation  development.  Novel  excipi¬ 
ents  are  needed  for  improvement  in  solubility,  targeting  ability,  and  for  having  altered 
physicochemical  and  biopharmaceutical  properties  of  the  drug  (Olivier,  2005). 

The  amount  of  excipient  is  used  to  modulate  the  activity  of  transporters,  their  mecha¬ 
nism  of  modulating  the  transporter's  activity,  and  hence  the  targeting  ability,  particularly 
for  the  drugs  that  undergo  absorption  by  the  active  transport  mechanism.  The  amount  of 
proteins  affect  the  translation,  posttranslational  events,  or  trafficking  of  proteins  at  the 
membranes.  Once  inside  the  membrane,  the  activity  of  proteins  could  be  altered  by  com¬ 
petitive,  noncompetitive  inhibitors  or  allosteric  effectors.  Excipients  that  can  interact  with 
and  modify  the  properties  of  drug  agents  are  transporters  or  enzymes.  They  affect  the 
plasma  protein  binding,  MDR-associated  proteins,  and  peptide  transporters.  For  example. 
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the  nonionic  surfactants  inhibit  transporters,  and  cytochrome-mediated  metabolism  is 
dependent  on  amount  of  excipient. 

The  amount  of  excipient  is  particularly  important  in  aerosols  as  excipient  enhanced 
growth  affects  targeting  lung  airways  and  aerosol  deposition.  The  potential  for  targeted 
delivery  is  dependent  on  the  deposition  of  a  combination  of  the  drug  and  hygroscopic 
excipient  particles  throughout  the  airways.  For  improving  the  delivery  of  aerosols  to  the 
lungs,  controlling  the  region  of  deposition  will  depend  on  the  solubility  of  the  drug  as  an 
insoluble  drug  will  need  a  hygroscopic  excipient  for  the  excipient  enhanced  growth  (EEG) 
delivery  (Tian  et  al.,  2013). 

7. 3.2.3  Surface  Characteristics 

One  of  the  most  important  surface  properties  of  a  carrier  or  drug  delivery  system  is  its 
surface  charge.  The  surface  charge  is  the  electrostatic  potential  present  at  the  shear  plane 
and  is  known  by  its  zeta  potential.  It  depends  upon  both  the  nature  of  the  surface  material 
and  the  dispersion  medium.  The  nature  of  charge  and  charge  density  on  a  particle  deter¬ 
mines  its  pharmacokinetics,  biodistribution,  and  long-circulating  capability  inside  the  sys¬ 
temic  circulation.  Usually,  the  neutral  particles  have  a  slower  opsonization  rate  than 
cationic  or  anionic  surfaces. 

Negatively  charged  particles  show  lower  uptake  in  the  liver  and  spleen  than  neutral 
ones.  One  of  the  reasons  for  this  is  that  as  the  cell  membranes  are  negatively  charged,  the 
cationic  particles  would  interact  with  them  in  a  favorable  fashion.  Positively  charged  nano¬ 
particles  are  cleared  20—40  times  more  rapidly  than  negatively  charged  ones  across  the 
alveolar  epithelium  (Honary  and  Zahir,  2013). 

Surface  modification  by  the  use  of  PEG  is  known  as  PEGylation.  PEGylation  may  occur 
either  by  covalent  grafting,  entrapment,  or  adsorption  of  PEG.  PEGylated  nanocarriers  are 
long  circulatory  systems  that  make  the  drug  available  for  an  extended  period.  PEGylated 
nanogels  are  one  of  the  novel  nanocarriers  that  may  augment  the  circulation  time  and  also 
distribute  their  payload  into  tumors.  In  brief,  PEGylation  causes  reduced  immunogenicity, 
prolonged  circulation  time,  increased  hydrodynamic  radius  leading  to  decreased  renal 
excretion,  decreased  proteolysis,  and  safeguards  antigenic  elements  from  immune  detec¬ 
tion  (Perry  et  al.,  2012). 

7.3.2A  Size 

One  of  the  critical  parameters  for  selecting  a  carrier  for  the  design  and  development  of 
a  drug  delivery  system  is  its  size.  The  size  of  the  carrier  would  have  a  direct  impact  on  tar¬ 
geting  ability  as  the  size  of  the  carrier  would  be  directly  proportional  to  the  targeted  vessel 
dimensions.  The  size  of  the  drug  carrier  determines  its  permeation  across  mucosal  mem¬ 
branes,  crossing  the  cellular  membranes  and  epithelial  barriers  or  even  avoiding  opsonin 
adsorption  on  the  surface.  The  emphasis  on  size  is  because  decreasing  the  size  increases 
its  surface  area  and  increasing  the  surface  to  volume  ratio  changes  the  drug  release  charac¬ 
teristics.  Submicron  size  carrier  easily  diffuses  in  the  submucosal  layers  while  larger  car¬ 
riers  remain  in  the  epithelial  layer.  Particles  in  the  dimensions  in  nanometer  range  offer 
better  targeting  ability  (Swaminathan  et  al.,  2011). 

Internalization  of  particles  within  cells  is  reliant  on  the  size  of  the  particles. 
Extravasation  through  blood  vessels  and  tissue  is  also  size  dependent.  Usually,  the 
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submicron  sizes  allow  better  internalization  and  also  easy  extravasation.  Hence,  the  size  of 
the  carrier  plays  a  profound  effect  on  molecular  mechanisms  facilitating  targeting.  While 
particles  of  the  dimensions  falling  within  200  nm  are  internalized  by  the  clathrin-coated 
pits,  the  larger  ones  are  uptaken  via  the  caveolae  membrane  invaginations.  Particles  of  the 
size  500  nm  use  the  energy-dependent  process  for  internalization  by  nonphagocytic  cells. 

Particle  sizes  need  discussion  concerning  different  routes  of  administration.  Intravenous 
delivery  of  nanoparticles  can  be  subjected  to  opsonization  depending  on  the  size.  Sizes 
close  to  100  nm  may  avoid  adsorption  of  opsonins  thereby  avoiding  phagocytosis,  ulti¬ 
mately  affecting  both  biodistribution  and  passive  targeting  ability.  Particles  delivered  by 
the  oral  route  will  be  subjected  to  the  Peyer's  patch,  and  enterocytes'  uptake  is  also  depen¬ 
dent  on  their  size.  Smaller  particles  of  the  size  range  of  50—100  nm  are  easily  uptaken  by 
the  enterocytes  and  M-cells.  For  the  pulmonary  delivery,  the  size  of  inhaled  particles  is 
critical  because  only  particles  having  a  size  in  the  range  of  2— 6  pm  would  be  deposited  in 
the  alveolar  region  (Muro  et  al.,  2008). 

With  respect  to  size,  the  prelysosomal  compartments  reside  in  the  micron-sized  carriers 
for  a  longer  duration  whereas  the  submicron  sizes  are  transferred  to  the  lysosomes. 
Microspheres  of  size  25  pm  are  more  suitable  for  targeting  the  vascular  endothelial  cell 
walls  in  medium  to  large  vessels  for  cardiovascular  sites  (Charoenphol  et  al.,  2010). 


7*3*3  In  Vivo  Environment 

7.3.3.1  pH 

The  low  pH  in  the  tumor  microenvironment  is  useful  for  passive  targeting.  It  works  as 
an  internal  stimulus  based  on  pH  difference.  The  colon  targeted  drug  delivery  (CDDS)  is 
pH  dependent.  Many  diseases  like  ulcerative  colitis,  amebiasis,  or  colon  cancer  require  the 
drug  to  reach  the  colon.  However,  many  drugs  are  not  able  to  survive  the  gastric  pH 
when  administered  by  the  oral  route.  pH-dependence  could  be  avoided  by  using  enteric 
coating  polymers  to  survive  the  acidic  pH  of  the  GIT  and  release  the  contents  in  the  alka¬ 
line  pH  of  the  colon  (Duan  et  al.,  2013). 

Another  environment  subjected  to  pH  is  cellular  internalization.  During  endocytosis, 
the  early  endosomes  are  of  acidic  pH  while  late  endosomes  are  mildly  acidic  pH  (5.5), 
which  results  in  the  formation  of  lysosomes.  Hence  the  lysosomes  and  only  an  acidic  pH- 
sensitive  system  will  allow  entry  into  the  endosomes  and  disintegrate  to  release  the  drug 
to  diffuse  into  the  cytoplasm  (Prajapati  et  al.,  2009;  Tekade  et  al.,  2009a,b;  Liu  et  al.,  2014). 

7. 3. 3. 2  Polarity 

The  epithelial  cell  polarity  is  responsible  for  maintaining  signaling  from  adhesion  recep¬ 
tors.  Any  loss  of  cell  polarity  would  lead  to  the  development  of  various  cancers.  For  the 
regulation  of  cell  polarity  (31-integrin  adhesion  receptor  plays  an  important  role.  Erb2 
hyperactivation  leads  to  disruption  of  cell  polarity  by  causing  dissociation  of  polarity 
complexes.  The  membrane  fusion  of  apical  trafficking  pathways  requires  localization  of 
syntaxin  3  in  polarized  epithelial  cells  of  the  plasma  membrane.  The  nerve  cell  polarity 
relies  on  the  consequence  of  axons  and  dendrites  (Li  and  Pendergast,  2011). 
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7.3.3. 3  Ionic  Strength 

The  in  vivo  ionic  strength  affects  both  the  drug  release  as  well  as  targeting  ability.  A 
change  in  the  in  vivo  ionic  strength  can  decide  the  release  of  the  encapsulated  drug  to 
occur  within  specific  areas  of  the  body.  The  dispersion  buffer  ionic  strength  and  particle 
composition  independently  affect  their  uptake  in  vivo.  Solvent  ionic  strength  has  an 
impact  on  electrostatic  interactions. 

A  reduction  in  ionic  strength  causes  an  increase  in  electrostatic  potential  between  the 
epithelium  and  the  particles.  This  principle  is  particularly  of  interest  in  nasal  drug  delivery 
as  below  a  critical  ionic  strength;  there  is  an  enhanced  intranasal  particle  uptake  in  vivo. 
Lower  ionic  strength  affects  the  targeting  of  peptides.  The  M  cell-targeting  ligand  is  highly 
dependent  on  ionic  strength.  A  higher  ionic  strength  would  cause  greater  particle 
electrostatic  forces  for  better  targeting.  Increasing  the  ionic  strength  of  the  nanodispersion 
is  associated  with  a  change  in  zeta  potential  also.  By  varying  the  ionic  strength  of  the 
medium,  there  has  been  a  change  in  the  targeted  PLGA  nanoparticles  uptake.  Lower  ionic 
strengths  led  to  PLGA  nanoparticles  to  be  readily  uptaken  irrespective  of  the  targeting 
peptide  (Rajapaksa  et  al.,  2010). 

7.3.3.4  Surface  Tension 

There  would  be  in  the  in  vivo  environment  surface  tension  at  the  interface  between  the 
bulk  liquid  and  droplet  liquid  of  the  delivery  system.  For  a  controlled  and  targeted  deliv¬ 
ery  by  ultrasound-activated  microbubbles,  surface  tension  plays  an  important  role.  The 
difference  in  the  pressure  of  a  droplet  between  inside  and  outside  is  termed  as  Laplace 
pressure.  This  effect  is  produced  due  to  surface  tension  at  the  interface  between  the  bulk 
liquid  and  droplet  liquid  (Rapoport  et  al.,  2009). 

The  Laplace  pressure  is  represented  by  the  equation: 

~  -^inside  —  -^outside  —  2<Jf 

where  “a”  is  surface  tension  at  the  droplet  interface,  “r"  is  the  radius  of  the  droplet,  and 
"P"  is  the  pressure.  Accordingly,  there  is  a  proportional  relationship  between  the  Laplace 
pressure  and  the  droplet  size  in  a  reversible  manner.  Hence  droplets  having  small  size  will 
have  higher  boiling  temperatures  than  the  larger  ones.  Also,  interfacial  surface  tension  also 
changes  due  to  the  presence  of  polymers  acting  as  surfactants  like  PEG,  PEG-PLLA,  or 
Pluronics.  Surface  tension  is  dependent  on  the  HLB  of  the  copolymer  molecules.  In  case  of 
a  pluronic  copolymer,  the  surface  tension  can  vary  with  a  change  in  the  fraction  of  PPO  or 
PEP  block.  The  surface  tension  may  be  around  33  mN/m  with  the  PPO  block,  which  may  as 
high  as  52  mN/m  with  the  larger  fraction  of  a  hydrophilic  PEO  block  (Builes  et  al.,  2013). 


7*4  APPROACHES  AND  LEVELS  OF  DRUG  TARGETING 
7*4*1  Passive  Targeting 

When  the  biological  and  pharmacological  factors  play  a  role  in  the  accumulation  of  the 
drug  in  a  specific  site,  it  is  termed  as  passive  targeting.  Usually,  the  disease  pathology  or 
changed  properties  of  the  tissues  in  cancer  allow  gathering  of  drugs  in  these  organs  by 
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passive  targeting.  Particularly  cancer  fenestrations  developed  during  angiogenesis  are 
wider  with  pore  sizes  in  the  range  of  100—600  nm  whereas  the  normal  blood  vessels 
would  be  only  around  6  nm.  Along  with  this,  the  interstitial  spaces  have  leaky  vascula¬ 
tures  with  defective  permeability  allowing  greater  accumulation  of  nanoparticles.  This 
phenomenon  is  called  the  enhanced  permeation  and  retention  (EPR)  effect  (Hirsjarvi  et  al., 
2011). 

Passive  targeting  is  also  due  to  the  response  of  the  body's  own  natural  reaction  to  the 
drug— carrier  system.  This  is  very  well  explained  by  the  accumulation  of  hydrophobic, 
uncoated  nanoparticles  taken  up  by  the  RES  of  the  body.  If  any  foreign  nanosized  particle 
enters  in  the  body  by  the  intravenous  route,  immediately  the  body's  defense  immune  sys¬ 
tem  is  activated  and  releases  opsonins.  Theses  opsonins  immediately  coat  the  surface  of 
the  nanoparticle  and  throw  the  particle  to  the  RES  organs,  liver,  and  spleen.  Such  a  passive 
targeting  approach  can  be  well  exploited  for  targeting  of  drugs  to  the  hepatic  system. 
Many  of  the  colloidal  systems  are  uptaken  by  the  RES  vectors  due  to  passive  targeting. 
The  macrophages  of  the  RES  system  also  play  an  important  role  in  treatments  of  diseases 
such  as  leishmaniasis,  candidiasis,  and  brucellosis  (Rabanel  et  al.,  2012). 


7*4*2  Inverse  Targeting 

In  inverse  targeting,  there  is  a  reversion  of  the  biodistribution  movement  of  the  drug 
carrier  system.  There  is  activation  of  the  RES  system  whenever  a  colloidal  drug  delivery 
system  is  injected  into  the  body  due  to  opsonins  and  then  there  is  a  fixed  biodistribution 
pattern  followed.  Inverse  targeting  is  a  plausible  attempt  to  bypass  the  uptake  of  colloidal 
particles  by  the  RES  organs  (Lee  et  al.,  1995). 

There  are  some  reported  approaches  to  avoid  the  RES-rich  organs.  One  way  is  to  satu¬ 
rate  the  RES  by  preinjection  of  blank  colloidal  carriers  in  a  larger  amount  or  use  of  macro¬ 
molecules  like  dextran  sulfate.  This  method  would  actually  suppress  the  functions  of  RES 
and  is  normally  not  recommended  in  a  clinical  setting  because  this  would  cause  RES 
blockade  and  impairment  of  defense  system.  Another  method  is  to  modify  the  size,  sur¬ 
face  charge,  hydrophilicity,  and  rigidity  of  the  carrier.  One  effective  method  is  to  modify 
the  surface  hydrophilicity  of  the  carrier  by  a  hydrophilic  polymer.  Coating  the  particles 
with  nonionic  surfactants  like  poloxamer  188  is  an  effective  method  to  inverse  the  target¬ 
ing  of  the  particles. 

Inverse  targeting  can  also  be  used  for  retroviral  targeting  strategies  (Fielding  et  al., 
1998). 


7*4*3  Active  Targeting 

Active  targeting  involves  modification  or  functionalization  of  the  drug  delivery  system 
or  carrier  so  that  the  complex  reaches  its  appropriate  site  corresponding  to  the  architected 
carrier.  In  the  process  of  active  targeting,  there  is  a  precise  and  definite  stronger  interaction 
between  the  targeting  moiety  /carrier  and  the  receptors  or  cell  surface  antigens  present 
in  vivo.  In  such  cases  the  molecular  recognition  is  more  stringent  and  there  are  fewer 
chances  for  nonspecific  interactions.  One  of  the  best  examples  is  the  receptor  folate,  which 
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FIGURE  7.4  Levels  of  drug  targeting.  Illustration  showing  different  levels  of  targeting  possible  in  liver. 
Targeting  the  liver  directly  is  organ  targeting;  the  liver  contains  hepatocyte  cells,  which  are  involved  in  cellular 
targeting.  Within  the  hepatocyte  are  mitochondria,  which  are  targeted  in  intracellular  or  organelle  targeting,  and 
finally,  the  FI  subunit  part  of  mitochondria  is  involved  in  molecular-level  targeting. 


binds  specifically  to  anticancer  drugs  due  to  its  overexpression  in  cancer  (Dhakad  et  al., 
2013;  Tambe  et  al.,  2017;  Tekade  et  al.,  2015;  Choi  et  al.,  2010).  Active  targeting  can  be 
described  at  four  levels  as  shown  in  Fig.  7.4. 

The  first  order  targeting  is  at  the  organ  level,  the  cellular  level  is  the  second-order  tar¬ 
geting,  third  order  targeting  is  the  intracellular  organelles  level,  and  the  molecular  level  is 
termed  as  the  fourth  level  of  targeting.  First  order  or  the  organ-level  targeting  includes 
sites  like  the  liver,  eyes,  lungs,  lymphatic  cavity,  or  peritoneal  cavity.  When  specific  cells 
like  Kupffer  cells  or  hepatocytes  in  the  liver  are  targeted,  they  represent  cellular  level  or 
second-order  targeting.  The  third  order  is  targeting  the  intracellular  spaces  like  cytoplasm 
or  organelles  inside  the  cell  like  nucleus  or  mitochondria.  Targeting  the  molecular  level  is 
referred  to  as  the  fourth  level.  This  includes  a  specific  molecule  within  the  cell  like  the  FI 
subunit  in  mitochondria  (Bertrand  et  al.,  2014). 


7.4.3. 1  First  Order  Targeting  (Organ  Level) 

First  order  targeting  involves  targeting  of  drug  carrier  systems  to  reach  a  specific 
tissue  or  organ.  For  instance,  delivery  of  drug  to  a  specifically  blocked  artery  from  a 
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drug-eluting  stent  or  a  drug  carrier  releasing  the  drug  into  the  peritoneal  cavity,  cerebral 
ventricles,  eyes,  or  joints.  Nanoparticles  could  be  used  for  increasing  the  specificity  to 
reach  the  diseased  organs  after  intravenous  administration.  The  NPs  were  conjugated  with 
human  serum  albumin  and  apolipoprotein  E  to  have  increased  specificity  and  efficiency  to 
different  organs.  These  NPs  were  of  sizes  15  and  80  nm  in  diameter  and  were  able  to  reach 
the  brain,  lungs,  liver,  and  kidneys  upon  IV  administration  (Schaffler  et  al.,  2014). 

7A.3.2  Second  Order  Targeting  (Cellular  Level) 

In  second-order  targeting  the  drug  carrier/drug  is  internalized  by  a  specific  cell.  The 
carrier  is  expected  to  attach  to  a  specific  antigen  on  a  cell  surface  to  enter  into  the  cell. 
Examples  include  selective  drug  delivery  to  Kupffer  cells  in  the  liver  or  delivery  of  drug 
to  cancer  cells  without  touching  the  healthy  cells. 

Drug  targeting  to  mononuclear  phagocytes  could  facilitate  cellular  drug  delivery  to  sites 
of  active  microbial  replication.  Edagwa  et  al.  designed  PLGA  NPs  containing  either  rifam¬ 
pin  (RIF)  or  isoniazid  [isonicotinylhydrazine  (INH)],  two  commonly  used  anti-MTB  drugs 
that  would  bring  them  to  subcellular  sites.  As  INH  has  a  hydrophilic  nature,  which  leads 
to  poor  encapsulation  in  a  polymer-based  delivery  system,  they  synthesized  a  hydropho¬ 
bic  INH  derivative,  pentenyl-INH  (INHP).  For  determination  of  subcellular  localization  of 
the  nanoformulations,  the  study  establishes  the  fact  that  nanoparticles  not  only  allow  the 
drug  to  colocalize  to  the  subcellular  organelles  but  also  lead  to  better  therapeutic  index 
and  enhanced  efficacy  (Edagwa  et  al.,  2014). 

7.4. 3. 3  Third  Order  Targeting  (Organelles  Level) 

Third  order  targeting  is  the  delivery  specifically  to  the  intracellular  site  of  target  cells. 
In  gene  therapy,  the  delivery  of  drugs  to  the  nucleus  within  a  cell  is  an  example  of 
organelle-level  targeting.  After  endocytosis,  the  carrier  system  has  to  escape  from  the 
lysosomal  degradation  and  release  intracellular  into  the  nucleus  (Sakhrani  and  Padh, 
2013).  Organelle  targeting  is  the  third  level  of  drug  targeting  and  Table  7.2  lists  some  of 
the  diseases  associated  with  specific  cell  organelles. 

7.4.3.4  Fourth  Level  of  Targeting  (Molecular  Level) 

Molecular-level  targeting  is  defined  as  targeting  a  specific  molecule  well  within  a  cell  at 
the  molecular  level.  This  could  be  reaching  the  DNA  in  the  nucleus  or  the  FI  subunit  in 

TABLE  7.2  Diseases  Associated  With  Specific  Cell  Organelles 


Cell-Organelles  Diseases  Associated  With  Them 

Endoplasmic  reticulum  Cystic  fibrosis,  endoplasmic  reticulum  storage  diseases 

Golgi  apparatus  Alzheimer's,  congenital  disorders  of  glycosylation  syndrome 

Lysosomes  related  organelles  Autoimmune  diseases 

Mitochondria  Diabetes,  cardiomyopathy,  cancer 

Nucleus  Progeria,  muscular  dystrophy 
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the  mitochondria.  Molecular  level  targeting  and  molecular  level  drug  transporter  path¬ 
ways  are  of  profound  importance  in  developing  newer  targets  for  cancer  therapy.  The 
molecular  targets  like  the  MDR1  gene  in  MDR  and  its  correlation  with  the  P-Glycoprotein 
(P-gp)  need  to  be  understood.  Similarly,  apoptosis,  stress  responses,  drug  resistance,  and 
cellular  survival  signals  are  all  molecular  mechanisms  necessitating  an  understanding  of 
the  molecular  level  targeting.  P-gp  confines  itself  on  the  plasma  membrane  of  the  cancer 
cells  and  is  overexpressed  at  the  time  of  MDR  causing  efflux  of  the  anticancer  drugs.  A 
nanomedicine  /carrier  would  inhibit  the  recognition  of  a  variety  of  structural  and  func¬ 
tional  antitumor  drugs  like  doxorubicin  or  paclitaxel  and  many  others  for  preventing  their 
efflux  (Tsuruo  et  al.,  2003). 


7*4*4  Ligand-Mediated  Targeting 

Ligands  are  ions  or  molecules  that  form  a  complex  with  another  molecule  due  to  the 
presence  of  appropriate  functional  groups.  The  ligand  in  such  case  is  attached  to  the  drug 
or  delivery  system  and  the  molecule  to  which  it  attaches  is  the  homing  device,  which  is 
the  receptor.  Only  a  specific  interaction  of  the  ligand— receptor  will  lead  to  delivery  of  the 
drug.  Some  of  the  biomolecules  acting  as  ligands  include  peptides,  proteins,  antibodies  or 
oligosaccharides.  Mostly  such  coordination  is  at  the  surface  of  the  molecule  so  surface 
modification  leads  to  better  recognition  and  interactions  (Tekade  et  al.,  2017a,b,c;  Tekade 
and  Sun,  2017;  Liu  et  al.,  2012).  Surface  modifications  of  the  ligands  may  be  done  with  the 
help  of  small  biomolecules  or  polymers.  Table  7.3  lists  some  of  the  tumor  targets  with 
ligands.  For  efficient  entry  of  the  carrier  system  coupled  with  a  ligand,  it  is  easier  to  enter 
intracellularly  due  to  receptor-ligand  interaction. 


7*4*5  Physical  Targeting 
7.4.5.1  pH-Sensitive  Systems 

Systems  having  the  potential  to  behave  in  response  to  altered  pH  are  very  promising. 
These  are  cross-linked  nanometric  particles  constituting  acidic  or  basic  moieties  with  a 
swelling  deswelling  performance  based  on  pH.  They  can  be  used  as  proton  donors  or 
receptors  or  combination  of  both.  The  appropriate  selection  of  polymer  is  based  on  the 
physiological  conditions  of  the  target  where  delivery  is  desired.  Essentially  volume  phase 
transition  pH  relevant  to  the  physiological  range  is  very  interesting.  Below  this  range  sys¬ 
tems  show  swelling  and  beyond  it  are  collapsed  (Yuan  et  al.,  2010). 


TABLE  7.3  Target  Drugs  With  Ligands 


Ligands 

Target 

Remark 

Folate  (folic  acid) 

Folate  receptor 

Overexpression  of  folate  receptor 

Transferrin 

Transferrin  receptor 

Overexpression  of  transferrin  receptor 

Galactosamine 

Galactosamine  receptors 

Hepatocytes  hepatoma 
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Drug  releases 


FIGURE  7.5  pH-responsive  systems.  On  pH  change,  there  is  the  release  of  drug  from  the  nanogel. 

This  alteration  is  attributed  to  the  increased  electrostatic  repulsion  among  charges 
within  the  network  of  polymer  which  may  cause  ionization  of  ionizable  groups  varying 
the  pH  (Fig.  7.5).  Due  to  these  characteristics,  cationic  systems  are  essential  carriers  for 
cancer  therapy  because  unhealthy  tissue  and  cells  have  a  lower  pH  than  healthy  ones.  The 
commonly  employed  polymers  for  pH-responsive  systems  are  polyacrylic  acids, 
methacrylic  acid  (MAA),  polyethyleneimine  (PEI),  etc.  The  biomedical  applications  of  sys¬ 
tems  are  dedicated  to  alteration  in  pH  that  takes  place  nearly  in  the  body  in  both  healthy 
and  unhealthy  circumstances  (Liu  et  al.,  2014). 

pH-responsive  systems  can  be  prepared  by  polymerization  or  by  assembling  of  natural 
polymers  (Tekade  and  Sun,  2017).  In  the  polymerization  of  MAA  with  PEG  diacrylate 
systems  with  volume  phase  transition  pH  near  to  the  pKa  of  MAA  cause  decline  in  the 
hydrodynamic  diameter  of  40  or  150  nm  based  on  used  surfactant  concentration.  It  is 
reported  in  the  synthesis  of  PEG  cross-linked  acrylic  systems  containing  curcumin  that 
due  to  cationic  behavior  swelling  occurs  at  pH  above  the  pKa  and  release  rate  was  quicker 
at  acidic  pH.  Similarly,  systems  prepared  from  the  assembly  of  natural  polymers  like  chit- 
osan  showed  pH-activated  behavior  for  therapy  of  a  tumor  (Liu  et  al.,  2013). 

Drug  targeting  to  the  tissue  or  specified  organ  can  be  achieved  by  conventional 
liposomes.  However,  there  are  chances  of  inevitable  drug  distribution  to  these  organs  and 
tissues,  which  may  damage  them.  The  pH  of  the  normal  tissue  and  blood  is  between  7.4 
and  7.5.  The  interstitial  fluid  becomes  abnormally  acidified  when  tumor  tissue  is  ischemic, 
and  the  extracellular  pH  of  a  tumor  decreased,  usually  between  6.5  and  6.7.  As  lysosomes 
are  endocytosed  by  the  endosomes  of  the  tumor  cells,  the  intracellular  pH  decreases  to 
5.0— 6.5,  and  the  pH  in  the  lysozyme  decreases  to  4.0— 5.0  (Cui  et  al.,  2011).  pH-sensitive 
liposomes  could  be  utilized  to  target  the  drug  in  the  tissue  environment  when  the  pH 
value  in  the  cancerous  tissue  is  lower  than  the  normal  tissue  environment. 
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FIGURE  7.6  pH-sensitive  liposomal  system.  The  molecule  with  a  blue  head  and  the  double  tail  are  PE.  Pink 
head  with  a  single  tail  is  CHEMS  (LA  or  OA).  The  figure  shows  that  pH-sensitive  lipids  stabilize  the  PE  molecule 
at  pH  7.4,  and  at  acidic  pH,  there  is  the  interaction  of  PE  and  pH-sensitive  lipids.  Source:  Adapted  with  permission 
from  Fan ,  Y.,  Chen,  C.,  Huang,  Y.,  Zhang,  F.,  Lin,  G.,  2017.  Study  of  the  pH-sensitive  mechanism  of  tumor-targeting  lipo¬ 
somes.  Colloids  Surf.  B:  Biointerfaces,  151, 19-25. 

Fan  et  al.  studied  the  underlying  mechanism  responsible  for  the  pH  sensitivity  in  lipo¬ 
somes.  Liposomes  were  prepared  using  oleic  acid  (OA),  cholesteryl  hemisuccinate 
(CHEMS),  and  linoleic  acid  (LA).  These  were  compared  with  the  commonly  used  lipids, 
cholesterol,  and  phosphatidylethanolamine  (PE).  Fig.  7.6  shows  the  relationship  between 
the  PE  and  lipids  causing  stabilization  effect  on  the  pH-sensitive  lipids  at  acidic  and  neu¬ 
tral  pH  (Fan  et  al.,  2017).  It  was  seen  that  the  different  pH-sensitive  liposomes  made  from 
OA,  CHEMS,  and  LA  were  stable  at  the  neutral  pH  of  7.4  while  maintaining  the  integrated 
sphere  form.  These  formulations  were  used  not  only  for  showing  enhanced  responsiveness 
at  the  tumor  microenvironmental  level  but  also  provided  a  tumor-targeted  controlled  drug 
release. 

Values  under  physiological  conditions  (pH  7.4),  for  zeta  potential  of  all  the  three  types 
of  liposomes,  were  less  than  —  30  mV  indicating  less  aggregation  or  precipitation  due  to 
the  repulsion  of  negative  charges  on  liposomes.  For  example,  the  free  carboxyl  group  in 
CHEMS  lets  it  form  a  carboxyl  anion  at  the  physiological  conditions.  The  specific  shapes 
hence  formed  due  to  diverse  geometry  are  responsible  for  stabilization  of  the  bilayer  struc¬ 
ture.  At  the  neutral  pH,  the  anionic  CHEMS  have  interactions  with  the  phosphate  group 
of  PE  due  to  hydrogen  bonding  and  electrostatic  repulsions  (Li  et  al.,  2012b). 

7.4. 5.2  Temperature-Sensitive  Systems 

Systems  act  in  response  to  external  stimuli  and  thermoresponsive  or  temperature 
responsive  systems  are  one  of  the  most  investigated  systems  because  changes  due  to  tem¬ 
perature  are  very  common  in  pathological  conditions  and  can  be  simply  used  outwardly. 
They  contain  an  excess  of  water  within  their  configurations  and  cause  changes  in 
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volumetric  phase  resulting  in  cargo  release  upon  application  of  altered  temperature.  This 
phenomenon  offers  an  opportunity  for  biomedical  usage.  The  architect  of  systems  has 
gained  keen  interest  owing  to  their  unique  characteristics  as  swelling  and  collapsing  at 
low  and  high  temperature,  respectively  (Pradhan  et  al.,  2010). 

The  appropriate  selection  of  monomer  and  controlled  polymerization  method  may  lead 
to  biocompatible  thermoresponsive  systems  with  volume  phase  transition  temperature 
near  to  physiological  temperature  and  thus  very  useful  for  drug  delivery.  Poly(N-isopro- 
pylacrylamide)  (PNIPAM)  is  the  most  frequently  used  thermoresponsive  polymer.  Several 
studies  indicated  that  PNIPAM  shows  much  less  toxicity  and  hence  is  widely  applied  for 
the  synthesis  of  systems  for  biomedical  applications.  Poly (N- vinyl  caprolactam)  (PVCL)  is 
another  thermoresponsive  polymer  suitable  for  drug  delivery  systems  and  biomedical 
applications.  This  polymer  is  biocompatible  in  nature  and  volume  phase  transition  temper¬ 
ature  is  close  to  physiological  temperature.  Thermoresponsive  systems  are  applied  to  a 
variety  of  diseases  in  which  cancer  is  one  of  the  prime  targets  (Mura  et  al.,  2013).  In  such 
thermosensitive  liposomes,  the  physiological  conditions  of  the  body  in  which  there  is  a 
rise  in  body  temperature  like  hyperthermia  or  inflammation  can  be  used  to  release  the 
entrapped  drug  at  a  specified  site.  The  temperature  required  is  relatively  higher 
(42°C— 45°C)  to  induce  drug  release  in  case  of  temperature-sensitive  liposomes  (Fig.  7.7). 
However,  in  clinical  practice,  it  practically  impossible  to  achieve  this  temperature  range 
and  hence  the  low-temperature  sensitive  liposomes,  which  release  their  content  at 
39°C-42°C,  are  preferred  (Tran  et  al.,  2017). 


FIGURE  7.7  Anticancer  drug  loaded  thermosensitive  liposomes  with  a  photosensitizer  (IR  820).  It  is  seen 
that  at  temperatures  of  37° C  and  42° C  the  entrapped  moiety  is  released  intracellularly.  Source:  Adapted  with  per¬ 
mission  from  Tran,  T.H.,  Nguyen,  H.T.,  Van  Le,  N.,  Tran,  T.T.P.,  Lee,  J.S.,  Ku,  S.K.,  et  al,  2017.  Engineering  of  multifunc¬ 
tional  temperature-sensitive  liposomes  for  synergistic  photothermal ,  photodynamic,  and  chemotherapeutic  effects.  Int.  J. 
Pharm.,  528(1-2),  692-704. 
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Nonin vasive,  localized,  and  controllable  treatment  is  offered  effectively  by  near-infrared 
(NIR)-absorbing  carriers,  which  can  be  used  for  photothermal  cancer  therapy.  The  neigh¬ 
boring  cancer  cells  are  effectively  killed  on  exposure  to  NIR  as  the  nanocarriers  function 
by  transforming  the  absorbed  light  to  heat.  Anticancer  therapies  have  thus  improved  due 
to  the  combined  effects  of  photothermal  and  photodynamic  therapy. 

Indocyanine  green  (ICG)  can  be  used  for  photodynamic  and  photothermal  therapy  due 
to  its  role  in  the  NIR  range.  Among  derivatives  of  ICG,  IR  820  has  an  added  chlorobenzene 
ring,  which  makes  it  more  stable  and  long-lasting  in  the  body  circulation  compared  with 
others.  The  disadvantages  of  low  stability  and  short  half-life  have  been  assisted  by  the 
development  of  a  nanoparticle  such  as  micelles  or  liposomes  for  delivery  of  NIR  dye  and 
chemotherapeutic  agents  (Cole  and  Holland,  2015). 

Temperature-sensitive  liposomes  may  be  developed  with  the  help  of  DPPC  and  DSPE- 
PEG,  which  makes  the  external  layer  of  the  micelle  in  which  the  tanespimycin  (17  A  AG) 
molecules  may  be  trapped.  Tanespimycins  (17  A  AG),  which  are  HSP90  inhibitors,  function 
by  binding  to  HSP90,  which  further  reduces  cancer  cell  survival.  Also,  they  decrease  the 
pro-survival  and  angiogenic  signaling  subunits  mediated  by  phototherapy.  The  core  of  the 
liposomes  can  be  further  incorporated  into  IR  820  for  photodynamic  (PDT)  and  photother¬ 
mal  therapy  (PTT).  In  response  to  NIR  irradiation,  IR  820  induces  heat  and  increases  the 
temperature  above  the  physiological  temperature  of  the  liposome.  Thus,  an  increase  in  the 
temperature  causes  the  release  of  17  AAG  at  the  site  of  cancer  thus  providing  therapeutic 
effects  and  assisting  proper  targeted  treatment  (Modi  et  al.,  2011). 

7.4.5. 3  Redox-Sensitive  System 

In  the  normal  human  body,  the  concentration  of  glutathione  (GSH)  in  blood  and  extra¬ 
cellular  matrix  is  1/100  to  1/1000,  that  is,  2— 20  pM  of  the  total  concentration  present  in 
the  body.  However,  in  the  presence  of  any  cancerous  cells,  their  concentration  is  seen  to 
increase  100-fold.  Thus  glutathione,  being  an  abundant  reducing  agent,  creates  a  high 
redox  potential  difference  between  the  tumor  cells  and  the  normal  cells  and  also  between 
intra-  and  extracellular  environments,  which  is  an  important  factor  to  take  into  consider¬ 
ation  while  developing  redox-sensitive  drug  delivery  systems  for  the  targeted  drug.  The 
disulfide-to-thiol  reduction  reaction  is  the  major  principle  that  renders  a  wide  use  of  the 
disulfide  bond  as  the  cleavable/ reversible  linker  in  nanocarriers  to  render  redox  potential 
sensitivity  to  nanopreparations.  The  bioreducible  cationic  lipids /polymers  containing 
disulfide  bonds,  such  as  poly(disulfide  amine),  disulfide  based  poly(amidoamine)  poly¬ 
mers  and  dendrimers,  have  been  synthesized  to  increase  the  efficiency  of  intracellular 
gene  delivery  (Li  et  al.,  2012a). 

Nonlinear  polymers  such  as  hyperbranched  polymers,  star-shaped  block  copolymers, 
and  dendrimers  have  become  a  major  area  of  study  in  drug  delivery  systems  due  to  their 
various  advantages,  especially  being  able  to  provide  targeted  delivery  and  eliminate 
adverse  effects  associated  with  the  drug  to  surrounding  cells  and  tissues,  which  is  one  of 
the  major  concerns  in  cancer  therapies.  Specifically,  the  star-shaped  block  copolymers  pos¬ 
sess  unique  topological  structures  and  attractive  physical /chemical  properties.  Ability  to 
have  lower  solution  viscosity  in  dilute  solutions,  improved  stability,  and  comparative 
lower  critical  micelle  concentration  are  some  of  the  characteristics  associated  with  the  star¬ 
shaped  block  copolymers,  which  avoid  the  disassembly  during  the  blood  circulation 
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before  reaching  the  target  sites.  Some  of  the  other  characteristics  are  the  presence  of  a 
smaller  hydrodynamic  diameter  and  narrower  size  distribution,  higher  drug  loading  con¬ 
tent,  and  availability  of  more  end  groups  for  further  modifications  (Wurm  and  Frey,  2011). 

This  delivery  system  can  be  effectively  used  for  targeted  delivery  as  they  can  accumu¬ 
late  spontaneously  in  tumor  tissues  through  the  enhanced  permeability  and  retention 
(EPR)  effect,  which  are  individual  characteristics  associated  to  the  tumor  cells  and  may 
vary  from  patient  to  patient.  This  permits  only  a  small  percentage  (1  % — 10%)  of  them 
getting  to  the  final  sites,  resulting  in  a  decrease  of  the  therapeutic  efficacy  of  the  encapsu¬ 
lated  drugs.  However,  the  binding  affinity  between  the  ligands  and  the  receptors,  the 
distribution  and  the  density  of  the  receptors,  the  rate  of  endocytosis  and  the  stage  of  the 
tumor,  which  determines  the  expression  level  of  the  receptors,  are  some  of  the  factors  that 
affect  the  delivery  rate  and  efficacy  of  the  nanocarrier  systems  (Acharya  and  Sahoo,  2011). 
A  general  mechanism  of  the  redox-stimulated  systems  is  shown  in  Fig.  7.8. 

Sialic  acids  (SAs)  are  carbohydrates  attached  to  cell  surfaces  that  are  involved  in  many 
biological  processes  and  diseases.  As  they  are  overexpressed  in  cancer  cells,  they  can  be 
used  for  monitoring,  diagnosis,  and  therapeutics  of  cancers.  Phenylboronic  acid  (PBA) 
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FIGURE  7.8  Mechanism  of  the  redox-stimulated  system.  SA  mediated  endocytosis  allows  the  micelle  to  be 
situated  in  the  endosomes  from  which  the  drug  can  be  released  due  to  the  GSH-triggered  release  of  the  drug.  Source: 
Adapted  with  permission  from  Tang,  Z.,  Zhang,  L.,  Wang,  Y.,  Li,  D.,  Zhong,  Z.  &  Zhou,  S.  2016.  Redox-responsive  star¬ 
shaped  magnetic  micelles  with  active-targeted  and  magnetic-guided  functions  for  cancer  therapy.  Acta  Biomater,  42, 
232-246. 
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forms  complexes  with  sugars  by  covalent  interaction  as  shown  in  Fig.  7.8  (Tang  et  al, 
2016).  The  magnetic  star-shaped  micelle  is  formed  by  self-assembly  of  PEG-PCL  copoly¬ 
mers  by  disulfide  bonds.  The  core,  which  is  hydrophobic  in  nature,  is  incorporated  with  a 
drug  to  be  delivered  and  magnetic  iron  oxide  particles.  The  ends  of  the  hydrophilic  PEG 
segments  are  chemically  conjugated  with  PBA  ligand.  Thus,  the  cancer  cells  having  SA 
antigen  over  the  surface  effectively  bind  with  the  micelle  due  to  conjugation  with  the  PBA 
ligand.  Thus,  the  other  cells  are  not  affected  thus  eliminating  the  problem  of  destroying 
the  healthy  cells  of  the  surroundings.  SA  mediated  endocytosis  allows  the  micelle  to  be  sit¬ 
uated  in  the  endosomes  from  where  the  drug  can  be  released  due  to  GSH  stimuli  of  the 
cells.  Hence  the  drug  in  low  concentrations  can  be  targeted  to  the  site  of  action  thus 
enhancing  the  therapeutic  efficiency  (Ping  et  al.,  2013). 

7 A.  5 A  Magnetic  Systems 

Superparamagnetic  iron  oxide  nanocarrier  has  been  widely  investigated  as  a  drug 
delivery  system,  diagnostic  tool,  therapeutic  agent,  as  well  as  a  contrast  agent  in  magnetic 
resonance  imaging,  owing  to  its  potential  to  react  upon  application  of  magnetic  field.  This 
effect  may  disappear  as  the  magnetic  field  is  removed.  Coating  of  nanocarriers  with  a 
biocompatible  compound  like  polymers,  dextran,  etc.  may  enhance  nanocarrier  stability 
with  avoidance  of  agglomeration.  Magnetic  systems  offer  new  prospects  for  diagnostic  as 
well  as  therapeutic  areas.  Apart  from  magnetic  nanoparticles,  systems  can  also  attach  inor¬ 
ganic  substances  like  Au,  Ag,  or  quantum  dots  into  their  arrangement  and  further  can  be 
applied  for  imaging,  diagnostic,  and  therapeutic  applications  (Chomoucka  et  al.,  2010). 
Table  7.4  lists  some  of  the  physical  targetings  due  to  stimuli  responsiveness. 


TABLE  7.4  Physical  Targeting  Due  to  Stimuli  Responsiveness 


Type  of  Stimuli 
Responsiveness 

Delivery  System 

Application/Outcome 

Reference 

pH-sensitive 

Cationic  nanogels 

Controlled  intracellular 
release  of  siRNA 

Dimde  et  al.  (2017) 

Gene  therapy 

Redox-triggered 

Cationic  nanohydrogel  based 
on  disulfide-modified 
spermine  cross-linker 

Triggered  siRNA  delivery 

Nuhn  et  al.  (2014) 

Thermoresponsive 

Cationic  nanogels 
carbohydrate-based 

Gene  knockdown 

Ahmed  et  al.  (2013) 

Enzyme-  and  pH- 
responsive 

Nanogels 

Oral  Delivery  of  siRNA 

Knipe  et  al.  (2016) 

Enzyme-responsive 

Cationic  nanogels 

siRNA  delivery 

Nishimura  and 
Akiyoshi  (2017) 

Thermoresponsive  & 
magnetic 

Hydrogels 

Delivery  of  doxorubicin 

Jaiswal  et  al.  (2014) 

External  alternating 
magnetic  field  (AMF) 

Hydrogel  nanocomposites 

Biocompatible  implant 

Meenach  et  al.  (2010) 
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Superparamagnetic  iron  oxide  nanocarrier  has  been  widely  investigated  as  a  drug 
delivery  system,  diagnostic  tool,  therapeutic  agent,  as  well  as  a  contrast  agent  in  magnetic 
resonance  imaging,  owing  to  its  potential  to  react  upon  application  of  magnetic  field.  This 
effect  may  disappear  as  the  magnetic  field  is  removed  Magnetic  nanoparticles  have 
acquired  greater  attention  in  recent  years  as  they  can  be  used  to  separate  the  cells  and 
viruses  and  further  specifically  target  drugs  to  the  specific  site  with  the  help  of  external 
magnetic  field  and  thus  reduce  the  toxicity  to  the  surrounding  normal  cells  and  tissues.  As 
the  external  magnetic  field  is  applied  the  magnetic  nanoparticles  made  of  iron  oxide  are 
responsible  for  the  accumulation  of  nanoparticles  at  the  target  site  of  cancer  cells.  These 
nanoparticles  are  inert  and  compatible  with  biological  systems  thus  can  be  efficiently 
applied  to  any  part  of  the  body.  Magnetic  nanoparticles  are  particles  in  the  nanosize  range 
from  1  to  1000  nm  containing  polymers,  drug,  and  magnetite  (Mahmoudi  et  al.,  2011). 

One  study  has  developed  magnetic  stimulated  nanoparticles  of  Artemisinin,  which  is  a 
natural  antimalarial  agent  isolated  from  the  Chinese  plant  Artemisia  annua.  Studies  indi¬ 
cated  that  it  had  optimum  applications  in  the  treatment  of  gastrointestinal,  breast,  brain, 
and  colon  cancers.  Upon  contact  with  high  iron  concentrations,  its  peroxide  molecule 
becomes  unstable  and  releases  reactive  oxygen  species  that  effectively  destroy  the  newly 
formed  blood  vessels  further  reducing  angiogenesis  and  thus  decreasing  the  expression  of 
vascular  endothelial  growth  factor  (VEGF)  (Ma  et  al.,  2015). 

One  of  the  disadvantages  associated  with  nanoparticles  is  quick  elimination  from  the 
systemic  circulation  by  the  RES.  To  render  their  stay  in  the  body  for  a  comparatively  long 
time  and  overcome  the  problems  associated  with  them,  the  nanoparticles  may  be  coated 
with  polymers  like  chitosan,  dextran,  etc.  (Maheshwari  et  al.,  2015).  The  drug  to  be  tar¬ 
geted  can  be  bonded  to  the  polymer,  which  can  be  further  coated  with  the  magnetic  nano¬ 
particles,  which  can  be  used  to  target  the  cancerous  sites  and  specifically  kill  cancerous 
cells,  also  assisting  a  longer  stay  of  the  formulation  in  the  body  thus  developing  a  con¬ 
trolled  release  in  the  body  (Fig.  7.9)  (Natesan  et  al.,  2017).  With  the  help  of  fluorescent 
images,  it  was  clear  that  after  applying  external  magnetic  field  the  artemisinin  loaded  chit¬ 
osan  magnetic  nanoparticles  (ACMN)  targeted  specifically  the  cancer  tissues  and  not 
lungs,  kidney,  liver,  or  heart.  The  active  targeting  of  ACMN  led  to  drug  accumulation  in 
the  blood  vessels  of  cancer  tissues. 

7.4. 5. 5  Ultrasound-Sensitive  Systems 

Ultrasound  delivery  is  a  major  area  of  study  due  to  its  ability  to  trigger  drug  release 
from  the  carrier  system  and  to  increase  cell  membrane  permeability.  One  of  the  major 
applications  of  the  delivery  system  is  an  enhancement  of  the  delivery  of  therapeutic  agents 
to  the  targeted  tumor  site  by  elevating  temperature  in  the  associated  surrounding. 
Ultrasound-sensitive  systems,  ultrasound  imaging,  and  ultrasound  therapies,  such  as 
tumor  ablation  and  kidney  stone  disruption,  have  been  some  of  the  widely  used  techni¬ 
ques  for  many  years.  Lipid  nano  or  microbubble  area  systems  that  function  by  enhancing 
the  interaction  between  sound  waves  and  stabilized  gas  bubbles  were  used  to  enhance  the 
image  quality  and  ultrasound  results  thus  improving  the  ultrasound  therapy  (Gasselhuber 
et  al.,  2012). 

The  interaction  between  tumor  vasculature  and  insonation  (exposure  and/or  treatment 
with  ultrasound)  in  the  presence  of  nano  or  microbubbles  results  in  the  oscillation  and 
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FIGURE  7.9  Use  of  magnetic  field  for  targeting  breast  cancer  cells.  It  was  seen  that  the  use  of  a  magnetic 
field  externally  led  to  the  accumulation  of  nanoparticles  in  cancer  tissues.  Source:  Adapted  with  permission  from 
Natesan,  S.,  Ponnusamy ,  C.f  Sugumaran ,  A.f  Chelladurai,  S.,  Palaniappan ,  S.S.,  Palanichamy,  R .,  2027.  Artemisinin  loaded 
chitosan  magnetic  nanoparticles  for  the  efficient  targeting  to  the  breast  cancer.  Int.  J.  Biol.  Macromol.,  104 , 1853—1859. 
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destruction  of  MBs,  which  further  results  in  the  rupture  of  vascular  barriers,  which  further 
increase  the  tumor's  vascular  permeability.  However,  an  important  disadvantage  associ¬ 
ated  with  ultrasound  delivery  is  that  it  can  destroy  the  nanocarrier's  structure  and  cause 
drug  leakage,  referred  to  as  sonoporation.  Ultrasound-mediated  microbubble  destruction 
with  liposomal  doxorubicin  is  an  important  delivery  system  enhancing  the  accumulation 
of  Dox  in  the  targeted  volume  without  damaging  the  cells  in  healthy  tissues  (Lin  et  al., 
2014). 

Liposomes  and  lipid  nanobubbles  encapsulating  air  or  perforated  hydrocarbon  are  the 
most  commonly  proposed  ultrasound-sensitive  nanocarrier  systems.  In  studies  and 
research  hydrogenated  soybean  phosphatidylcholine  (HSPC),  cholesterol  and  PEG2000- 
DSPE  in  the  ratio  51:44:5  have  been  used  to  compose  liposomes,  which  in  response  to  the 
low-frequency  ultrasound  (LFUS)  has  seen  to  release  nearly  80%  of  a  loaded  drug 
(cisplatin)  within  3  min  (Grtill  and  Langereis,  2012). 


7*4*6  Dual  Targeting 

When  the  carrier  molecules  themselves  have  their  own  therapeutic  activity  and  lead  to 
an  increase  in  the  therapeutic  efficacy  of  the  drug,  this  is  known  as  a  dual-targeting 
approach.  For  example,  the  carrier  molecule  having  its  own  antiviral  activity  can  be  loaded 
with  the  antiviral  drug  and  for  the  synergistic  effect  of  a  drug  conjugate. 

Dual  targeting  has  been  used  for  targeting  tamoxifen  by  using  G4  PAMAM  dendrimers 
with  transferrin.  Tf  receptor  is  overexpressed  in  the  malignant  cells  in  the  brain.  In  this 
case,  tamoxifen  improves  BBB  transporting  ability,  which  was  related  to  the  concentration 
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of  the  drug  in  the  glioma  cells.  The  system  as  a  whole  was  acting  as  an  endogenous  cellu¬ 
lar  transport  ligand.  Similarly,  the  dual- targeting  carrier  can  be  used  to  target  DOX  to  the 
brain  and  internalize  in  glioma  cells  by  conjugating  Tf  and  PEG  chains  for  enhancing  the 
ability  to  cross  the  BBB  and  improving  the  biocompatibility  (Pardridge,  2002). 

Spatial  control  of  targeting  leads  to  placing  of  the  targeting  moiety  in  the  required  space 
or  place  in  the  body;  temporal  control  means  the  presence  of  the  drug  for  a  required  dura¬ 
tion  of  time  in  that  place.  For  effective  targeting,  adequate  control  over  both  spatial  and 
temporal  arrangement  is  needed  so  that  drug  not  only  reaches  its  site  of  action  but  also 
remains  in  place  in  adequate  quantity  to  show  a  pharmacological  response.  This  is  known 
as  double  targeting  and  is  useful  when  targeting  drugs  to  specific  organs,  tissues,  cells,  or 
even  subcellular  compartments  where  controlling  the  rate  of  drug  delivery  to  the  target 
site  is  important  (Ying  et  al.,  2010). 


7*4*7  Targeting  the  Mitochondria 

Mitochondria  are  well  known  as  the  powerhouse  of  the  cell  for  their  critical  role  in  the 
generation  of  metabolic  energy.  They  have  the  unique  ultrastructural  features  of  the  enclo¬ 
sure  by  a  double  membrane,  of  which  the  inner  one  is  folded  into  cristae  with  an  addi¬ 
tional  increase  in  surface  area.  The  unusual  lipid  composition  and  having  a  high 
membrane  potential  of  the  order  of  180—200  mV  is  another  vital  feature  offering  of  this 
self-genome  organelle.  Mitochondria  play  a  central  role  in  cell  viability  with  apoptosis 
being  one  of  the  important  functions.  The  onset  of  the  programmed  cell  death,  apoptosis 
depends  on  the  release  of  apoptotic  proteins  from  mitochondria.  With  an  equally  impor¬ 
tant  role  in  modification  of  the  cellular  redox  potential  and  disruption  of  the  ATP- 
synthesis  mitochondria  are  a  very  crucial  target.  However,  selectively  targeting  molecules 
to  mitochondria  has  been  difficult  due  to  difficulties  of  molecules  in  crossing  the  two 
cellular  membranes  (Mallick  et  al.,  2015). 

The  efficiency  of  many  anticancer  drugs  may  be  significantly  improved  by  specific  sub- 
cellular  delivery  to  the  mitochondrion.  Mitochondrially  targeted,  apoptosis-inducing  anti¬ 
cancer  compounds  have  been  termed  as  "mitocans"  for  persuading  apoptosis  by 
mitochondrial  destabilization  of  tumor  cells.  Anticancer  drugs  like  paclitaxel  trigger 
apoptosis  by  directly  acting  on  mitochondria.  Paclitaxel  induces  the  formation  of  the  mito¬ 
chondrial  permeability  transition  pore  complex  (mPTPC)  and  hence  apoptosis  (Alvero 
et  al.,  2011). 


7*4*8  Cell-Penetrating  Peptides  Based  Targeting 

Although  most  of  the  peptides  and  proteins  remain  impermeable  to  cell  membranes 
due  to  their  hydrophilic  nature;  cell-penetrating  peptides  (CPPs)  have  the  ability  to  be 
transported  inside  the  cells.  This  is  attributed  to  the  positive  charge  of  CPPs,  which  allow 
easy  electrostatic  interactions  with  the  negatively  charged  cell  surface  constituents. 

CPPs  have  an  inherent  property  to  deliver  therapeutic  molecules  such  as  low  molecular 
weight  drugs  or  even  high  molecular  weight  nucleic  acids  to  cells  and  tissues.  They 
efficiently  deliver  the  drug  cargos  attached  to  them  by  either  covalent  or  noncovalent 
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conjugation  by  endocytosis.  These  peptides  offer  greater  possibilities  for  preparation  by 
synthesis  and  conjugation.  The  chemical  modifications  allow  a  wider  choice  of  vectors  and 
hence  more  options  of  targeting  moieties  are  available  to  be  targeted  by  them  (Koren  and 

Torchilin,  2012). 


7*5  APPLICATION  TO  THERAPEUTIC  AREAS 


With  the  conventional  therapy,  only  a  small  fraction  of  drug  reaches  the  infected  site. 
The  long  treatment  time  associated  with  present  therapy  leads  to  poor  adherence  to 
administration  schedules,  has  several  side  effects,  and  chances  of  developing  MDR  are 
greater;  all  this  makes  it  necessary  to  develop  newer  formulations.  A  delivery  system  that 
is  administered  inside  the  body  to  be  directly  targeted  to  the  site  of  infection  may  be  use¬ 
ful  for  reducing  the  high  daily  dosing  regimen  (Mishra  et  al.,  2010).  This  section  discusses 
different  therapeutic  areas  where  targeted  delivery  is  needed  for  better  efficacy  of  the 
drugs. 


7*5*1  Blood  and  Blood-Forming  Organs 

While  discussing  blood  and  blood-forming  organs,  three  diseases  need  special  mention, 
namely  hemophilia,  sickle  cell  disease  (SCD),  and  leukemia. 

The  bleeding  disorder  hemophilia  B  is  caused  by  a  deficiency  of  blood  coagulation  fac¬ 
tor  IX.  The  existing  treatment  of  hemophilia  includes  more  frequent  intravenous  adminis¬ 
trations  of  clotting  factors.  Other  than  being  an  expensive  treatment  this  often  leads  to 
risks  of  inhibitory  alloantibodies  development  necessitating  a  targeted  therapy.  For  exam¬ 
ple,  fitusiran,  an  investigational  RNAi  therapeutic  targeting  antithrombin,  has  shown 
promising  results  for  the  treatment  of  hemophilia.  In  one  of  the  studies,  subjects  with 
hemophilia  A  or  B  showed  a  significant  lowering  of  antithrombin  level  with  increased 
thrombin  generation  after  subcutaneous  administration  of  fitusiran,  once  a  month.  In  addi¬ 
tion,  the  participants  did  not  have  inhibitory  alloantibodies  (Pasi  et  al.,  2017). 
Nanoparticles  have  shown  immense  application  not  only  in  the  treatment  but  also  the 
diagnosis  of  leukemia  (Soni  and  Yadav,  2015). 


7*5*2  Cardiovascular  System 

Nanomaterials  and  nanocarriers  can  be  made  to  deliver  drugs  to  the  heart.  A  drug 
reaching  directly  or  depositing  is  important  in  cases  of  diseases  associated  with  the  cardio¬ 
vascular  system  include  hypertension,  atherosclerosis,  and  ischemic-reperfusion  injury. 
The  precise  deposition  of  drugs  in  the  heart  by  targeting  ligands  would  be  useful  in  reduc¬ 
ing  side  effects  on  other  organs  (Parveen  et  al.,  2012). 

Targeted  drug  delivery  systems  have  developed  as  one  of  the  key  noteworthy  areas  in 
biomedicals  with  the  optimized  therapeutic  efficiency  of  drug  molecules.  The  pathological 
sites  can  be  exploited  for  ligand— receptor  interactions  in  cardiovascular  systems  for 
improved  efficacy.  Some  of  the  examples  include  liposomes  immune-targeted  to  vascular 
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TABLE  7.5  Examples  of  Different  Targeting  Carrier  Systems  Used  in  the  Cardiovascular  Delivery  of 


Therapeutics 

Disease  State 

Drug/Therapeutic 

Receptor 

Targeting  Carrier  System 

Hypertension 

Telmisartan 

Angiotensin  II  receptor  antagonist 

Liposomes 

Atherosclerosis 

Pitavastatin 

HMG-CoA  reductase  inhibitor 

PLGA 

Atherosclerosis 

Pioglitazone 

PPAR-t 

Atherosclerosis 

siRNA 

VEGF  R2 

Liposome 

Inflammation 

siRNA 

- 

Exosomes 

Atherosclerosis 

Peptides 

- 

PEG 

endothelial  cells  and  stents  for  controlled  release  of  heparin  by  perivascular  route  delivery. 
The  inflamed  endothelium  can  be  targeted  by  PEGylated  particles  (Lu  et  al.,  2012).  Other 
examples  of  different  targeting  carrier  systems  used  in  the  cardiovascular  delivery  of  ther¬ 
apeutics  are  shown  in  Table  7.5. 


7*5*3  Respiratory  System 

Other  than  performing  the  respiratory  functions,  the  lungs  are  also  responsible  for 
providing  adequate  immunity  against  invading  pathogens.  This  is  taken  care  of  by  the 
two  phagocytic  cells,  alveolar  macrophages  (AM)  and  dendritic  cells  (DCs).  Together  AMs 
and  DCs  carry  out  the  functions  of  phagocytosis  and  endocytosis,  thereby  killing  the 
bacteria,  antigen  presentation,  and  activation  of  the  T-cells.  While  the  AM  is  superior  in 
phagocytosis  and  killing  the  bacteria,  DCs  are  mainly  responsible  for  antigen  presentation. 
Normally  in  a  steady  state  AMs  control  the  number  of  DCs  but  during  a  pulmonary  infec¬ 
tion,  the  number  of  DCs  are  increased  (Agostoni  and  Hyatt,  1986). 

7. 5.3.1  Targets  of  Tuberculosis 

Infection  with  Mycobacterium  tuberculosis  leads  to  tuberculosis  (TB),  a  disease  of  the 
lungs.  A  delivery  system  that  is  administered  pulmonarily  and  is  directly  targeted  to  the 
site  of  infection  may  be  useful  for  reducing  frequent  high  doses.  Inhalation  of  ATDs 
directs  them  to  infected  areas  and  helps  in  targeting  the  actual  site  of  bacillary  replication 

(Garcia-Contreras  and  Yadav,  2015). 

For  targeting  the  drug  delivery  toward  the  M.  tuberculosis  bacteria,  which  are  usually 
taken  up  by  the  macrophages  in  the  lungs,  the  receptors  expressed  on  the  alveolar  macro¬ 
phages  need  to  be  targeted,  that  is,  the  mannose  receptor,  CD14,  Sp-A  receptors,  scavenger 
receptors,  and  the  complement  receptors  (CR1,  CR3,  and  CR4)  (Garcia-Contreras  and 
Yadav,  2015). 

It  is  the  mannose  receptor  that  aids  in  the  pathogen  internalization  and  makes  possible 
infection  by  M.  tuberculosis.  Eventually,  the  bacteria  multiply  in  macrophages,  preventing 
the  formation  of  the  phagolysosome,  and  the  mannose  receptor  helps  the  pathogens  to 
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infect  and  grow  in  the  target  cell  (Koul  et  al.,  2011).  There  are  two  structural  forms  of 
complement  receptors.  The  complement  receptor  type  1  (CR1)  is  a  protein  that  binds  C3b 
and  C4b,  which  is  then  responsible  for  mediating  phagocytosis  of  bound  particles.  CR3 
and  CR4  are  heterodimeric  proteins  of  the  integrin  superfamily  and  bind  C3bi.  CR3  also 
contains  a  glycan  binding  site.  The  appearance  of  CR3  decreases  while  CR4  increases  dur¬ 
ing  the  maturation  of  blood  monocytes  to  alveolar  macrophages  (Freeman  and  Grinstein, 
2014). 

7. 5. 3. 2  Cancer  Therapeutics 

For  efficient  cancer  therapeutics,  the  anticancer  drug  should  be  able  to  reach  inside  the 
cancer  cell.  The  efficacy  of  the  drug  delivery  system  causing  internalization  of  therapeutic 
moiety  in  the  cancer  cells  is  mostly  dependent  on  angiogenesis.  The  new  blood  vessels 
developed  during  angiogenesis  are  irregular  with  a  discontinuous  epithelium.  These 
vessels  are  also  deficient  of  the  basal  membranes  that  usually  are  found  in  vasculatures. 
The  endothelial  fenestrations  so  formed  are  of  dimensions  ranging  from  200  to  2000  nm. 
All  this  also  promotes  the  EPR  effect  of  the  cancer  cells.  The  cancer  cells  allow  themselves 
to  be  targeted  in  a  passive  manner  due  to  the  EPR  effect  and  tumor  microenvironment 
(Byrne  et  al.,  2008). 

Doxorubicin  encapsulated  in  liposomes  incorporated  with  an  anisamide  derivatized 
ligand  can  be  used  for  prostate  cancer  cells  with  over  expressed  sigma  receptors.  A  high 
affinity  of  the  ligand  with  the  receptor  was  observed  in  this  case  showing  efficient  target¬ 
ing  both  in  vitro  and  in  vivo.  The  effective  use  of  anticancer  substances  is  limited  due  to 
their  low  water  solubility  and  greater  toxicity.  Therefore,  it  is  a  foremost  challenge  to  selec¬ 
tively  deliver  the  anticancer  agents  and  also  enhance  the  therapeutic  efficacy  with  fewer 
side  effects.  Therapeutic  agents,  when  administered  to  the  body  through  various  routes, 
must  overcome  numerous  barriers  and  their  efficacy  is  minimized  or  reduced  before  get¬ 
ting  access  to  the  desired  target  site.  Various  approaches  have  been  investigated  to  avoid 
the  biological  barriers,  improve  bioavailability,  and  achieve  the  anticipated  target.  Instead 
of  selective  delivery  to  the  tumor  site,  the  effective  concentration  intended  to  give  thera¬ 
peutic  action  is  deficient  owing  to  the  noneffective  transport  of  cancer  treating  agents  into 
the  cytoplasm  from  the  carriers.  This  potentiates  the  necessity  of  such  systems  that  can 
generate  the  drug  release  in  response  to  stimuli  (Steichen  et  al.,  2013). 


7*6  TARGETED  MEDICAL  PRODUCTS:  A  MARKET  REVIEW 


Some  of  the  formulations  using  targeted  therapy  for  cancer  are  already  available  in  the 
market,  for  example,  Myocet  (liposomal  doxorubicin)  Daunoxome  (liposomal 
daunorubicin). 

Doxil  (liposomal  doxorubicin),  Depocyt  (liposomal  cytarabine),  and  Abraxane  (albumin- 
bound  paclitaxel  particles).  Some  of  the  examples  of  antibodies  directed  toward  cancer 
therapy  include  Rituxan  (rituximab),  Herceptin  (trastuzumab),  and  Campath  (alemtuzu- 
mab).  Table  7.6  lists  some  of  the  marketed  formulations  that  utilize  active  targeting 
strategies.  Table  7.7  lists  the  products  in  the  market  that  use  passive  targeting  via  the  EPR 
effect,  and  marketed  formulations  useful  for  MPS  targeting  are  listed  in  Table  7.8. 
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TABLE  7.6  Marketed  Formulations  Based  on  Active  Targeting 


Drug/Marketed 

Formulation 

Strength/Dosage  Form 

Application 

Adalimumab 

40  mg 

Tumor  necrosis  factor  (TNF)  blocker 

HUMIRA 

Injection 

Cetuximab 

100  mg/ 50  mL 

Anticancer  targeted  therapy 

ERBITUX 

IV  Infusion 

•  Daunorubicin 

2  mg/ mL 

HIV-related  Kaposi's  sarcoma 

•  DAUNOXOME 

Concentrate  for  solution  for  infusion 

Cytarabine 

50  mg 

Intrathecal  treatment  of  lymphomatous 

DepoCyt 

Intrathecal  injection 

meningitis 

Paclitaxel 

100  mg 

Metastatic  breast  cancer 

ABRAXANE 

Lyophilized  powder  for 
injectable  suspension 

TABLE  7.7  Marketed  Formulations  Based  on  Passive  Targeting 

Marketed  Formulation 

Drug  and  Delivery  System 

Route  of  Administration 

DaunoXome 

Daunorubicin  citrate  in  liposomes 

IV 

Doxil 

Doxorubicin  hydrochloride  in  Stealth  liposomes  IV 

Marqibo 

Vincristine  sulfate  in  liposomes 

IV 

Genexol 

Paclitaxel  in  micelles 

IV 

Opaxio 

Paclitaxel  in  solid  nanoparticles 

IV 

Abraxane 

Paclitaxel  in  albumin  nanoparticles 

IV 

TABLE  7.8 

Marketed  Formulations  for  MPS  Targeting 

Marketed  Formulation 

Drug  and  Delivery  System 

Route  of  Administration 

AmBisome 

Amphotericin  B  in  liposomes 

IV 

Mepact 

Mifamurtide  in  liposomes 

IV 

Myocet 

Doxorubicin  in  liposomes 

IV 

Abelcet 

Amphotericin  B  in  liposomes 

IV 

Feridex 

Superparamagnetic  iron  oxide  nanoparticles 
coated  with  dextran 

IV 

BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


300 


7.  LEVELS  OF  DRUG  TARGETING 


7.7  FUTURE  ASPECTS  AND  CONCLUSION 


There  is  a  paradigm  shift  from  conventional  drug  delivery  to  a  targeted  drug  delivery, 
where  the  drug  selectively,  specifically,  and  effectively  shows  its  pharmacological  effect  to 
reduce  the  side  effects.  Drugs  are  harmful  at  higher  doses  and  targeted  delivery  can 
reduce  not  only  their  doses  but  also  reduce  their  chances  of  affecting  the  nontargeted 
organs.  Considering  the  different  levels  of  targets,  even  the  nontarget  cells  and  organelles 
can  be  avoided.  In  addition,  targeted  therapy  is  used  to  provide  a  spatiotemporally  con¬ 
trolled  delivery  for  maximizing  therapeutic  benefits  to  the  patients.  Molecular  pharmacol¬ 
ogy  of  the  drugs  can  be  combined  with  the  molecular  basis  of  the  disease  and  the 
microenvironment  at  the  diseased  site  to  provide  information  on  in  vivo  receptors  to 
enhance  the  concept  of  targeted  drug  delivery.  Finally,  understanding  the  interactions 
between  the  targeting  moiety  with  the  receptors  or  cell  surface  antigens  in  vivo  would  be 
useful  in  designing  a  carrier  system  with  selective  affinity  for  organs,  cells,  tissues,  orga¬ 
nelles,  or  intracellularly  in  the  body. 
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Abbreviations 

Ab 

antibody 

AME 

absorptive-mediated  endocytosis 

AVE 

artificial  viral  envelopes 

BBB 

blood— brain  barrier 

CDDS 

colon  targeted  drug  delivery 

CHEMS 

cholesteryl  hemisuccinate 

CPP 

cell-penetrating  peptide 

EPR 

enhanced  permeation  and  retention 

GIT 

gastrointestinal  tract 

GSH 

glutathione 

IM 

intramuscular 

IV 

intravenous 

LA 

linoleic  acid 

LDL 

low-density  lipoprotein 

LFUS 

low-frequency  ultrasound 

LMWPs 

low  molecular  weight  proteins 

M  cell 

microcell 

MAA 

methacrylic  acid 

MDMs 

monocyte-derived  macrophages 

MDR 

multidrug  resistance 

NIR 

near  infrared 

NPs 

nanoparticles 

OA 

oleic  acid 

PBA 

phenylboronic  acid 

PE 

phosphatidylethanolamine 

PEG 

polyethylene  glycol 
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PEI 

PEO 

PLGA 

PNIPAM 

PPO 

PVCL 

RES 

RIF 

SA 

SC 

Vd 

VEGF 


polyethyleneimine 

polyethylene  oxide 

poly-lactide-co-glycolide 

poly  (N-isopropylacrylamide) 

polypropylene  oxide 

poly  (N-vinylcaprolactam) 

reticuloendothelial  system 

rifampin 

salic  acid 

subcutaneous 

volume  of  distribution 

vascular  endothelial  growth  factor 
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8.  LIGANDS  FOR  TARGETED  DRUG  DELIVERY  AND  APPLICATIONS 


8*1  INTRODUCTION 


In  the  last  few  years,  noteworthy  progress  has  been  made  to  understand  the  principle 
of  various  oncology  diseases.  At  present,  there  is  a  global  expansion  in  the  era  of  modified 
medicines,  where  the  drug  is  developed  as  per  the  need  of  patients  and  then  delivered 
effectively  to  diseased  cells  but  not  to  healthy  cells  (Tekade  et  al.,  2017).  Currently,  a 
number  of  problems  are  related  with  the  systemic  administration  of  the  drug.  The  drug 
has  to  pass  all  the  way  by  different  enzymatic  barriers  to  reach  the  specific  tissue  or  cell. 
The  delivery  of  very  high  dose  without  specificity  to  the  target  site  causes  nonspecific 
toxicity  and  side  effects.  The  body  allows  the  drug  to  enter  into  both  strong  and  pathologic 
cells  with  similar  effectiveness  because  of  nonspecific  and  arbitrary  distribution  of  the 
drug  (Kanduluru  and  Low,  2017). 

Severe  toxic  effects  may  be  observed  while  normal  healthy  cells  are  susceptible  to  these 
drugs.  One  advanced  strategy  to  achieve  the  required  pathologic  cell  specificity  is  to  bind 
a  drug  to  the  targeting  ligand  that  can  distribute  the  drug  specifically  to  the  pathological 
cell.  Using  this  technique,  a  number  of  anticancer  drugs  deliver  a  potent  cytotoxic  moiety 
selectively  to  malignant  cells  (Srinivasarao  et  al.,  2015;  Tekade  et  al.,  2017a,b;  Tekade  and 
Sun,  2017).  The  general  structure  of  targeting  ligand  is  given  in  Fig.  8.1. 

In  this  system,  the  efficacy  of  the  conjugate  is  principally  ascertained  by  the  action  of 
payload  and  the  security  is  determined  using  the  particularity  of  the  targeting  ligand  for 
pathological  cell  type.  Drug  targeting  possesses  several  advantages  over  the  nontargeting 
system.  The  targeted  drug  can  deliver  the  payload  to  a  diseased  cell  or  specific  tissue, 
thereby  avoiding  harm  to  healthy  cells.  With  targeted  drug  delivery  it  is  possible  to  use  a 
highly  potent  therapeutic  agent  with  high  efficacy  compared  with  nontargeted.  For  exam¬ 
ple,  the  tolerability  of  the  conjugates  of  the  targeting  ligand  folate  with  desacetyl  vinblas¬ 
tine  hydrazide  was  found  to  be  19  mg  /kg,  whereas  the  maximum  targeted  dose  (MTD)  of 
nontargeted  desacetyl  vinblastine  hydrazide  is  just  0.9  mg/kg  (Leamon  et  al.,  2007). 

In  this  chapter,  the  most  important  doctrine  that  manages  the  effective  design  of  ligand- 
targeted  drugs  will  be  discussed.  We  have  focused  on  approaches  for  targeting,  different 
elements  in  designing  of  ligand-targeted  drug,  selection  of  ligand-specific  receptors,  ligand 
size,  ligand  binding  affinity  and  specificity,  and  ligand  conjugation  site  chemistry  along 
with  different  ligands  such  as  monoclonal  antibodies,  aptamers,  peptides,  and  proteins 
including  transferrin,  lactoferrin,  lectines,  folates,  and  mannose  derivatives. 


Targeting  ligand  Therapeutic  agent 

FIGURE  8.1  The  general  structure  composed  of  a  targeting  moiety  linked  to  a  therapeutic  agent  through 
the  spacer  and  a  cleavable  linker.  A  substance  that  builds  a  complex  with  a  biomolecule  to  deliver  a  biological 
purpose  is  called  ligand.  In  the  binding  of  protein  and  ligand,  the  ligand  is  normally  a  molecule  that  gives  a  sig¬ 
nal  by  binding  to  a  site  on  a  target  protein. 
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8*2  APPROACHES  FOR  TARGETING 


For  most  of  the  therapeutic  agents,  only  a  small  portion  of  the  drug  reaches  the  affected 
organ  or  cell.  In  the  case  of  chemotherapy,  more  than  90%  of  the  drugs  do  not  reach  the 
tumor  location.  Targeted  drug  delivery  delivers  the  drug  to  the  diseased  tissue  or  cell 
while  reducing  the  relative  concentration  of  drugs  in  the  remaining  cells  or  tissues.  There 
are  mainly  two  approaches  for  targeting:  (1)  passive  targeting  and  (2)  active  targeting 
(Tekade  et  al.,  2009a,b;  Trafton,  2009). 


8*2*1  Passive  Targeting 

This  approach  consists  of  the  success  of  drug  targeting  depending  upon  the  circulation 
time.  This  can  be  achieved  by  clocking  the  drug  carrier  with  some  sort  of  coating.  For 
example,  surface  modification  of  nanoparticle  with  polyethylene  glycol  (PEG),  which 
makes  the  substance  antiphagocytic.  The  particles  obtained  from  this  property  are  natural 
to  the  reticuloendothelial  system,  thus  the  nanoparticle  will  present  in  systemic  circulation 
for  a  longer  duration  (van  Vlerken  et  al.,  2007). 


8*2*2  Active  Targeting 

This  process  enhanced  the  impact  of  the  earlier  approach  to  constructing  the  drug 
carrier  target  more  particular.  There  are  a  number  of  ways  for  active  targeting.  One  way  is 
to  target  diseased  tissue  solely  by  utilizing  cell  specific  ligands  that  allow  the  carriers  to 
bind  specifically  to  the  cell.  Active  targeting  can  also  be  done  by  grafting  magnetolipo¬ 
somes  with  the  drug  to  deliver  to  the  targeted  tissue  utilizing  the  principles  of  magnetic 
positioning  (Maheshwari  et  al.,  2012,  2015). 

By  utilizing  both  approaches  of  passive  and  active  targeting,  a  drug-loaded  carrier  is 
circulated  in  the  body  system  for  an  extended  duration  of  time,  until  it  is  attracted  to  its 
target  through  a  cell-specific  ligand,  magnetic  positioning  etc.  In  this  chapter,  we  have 
focused  more  on  designing  of  target-specific  ligand  targeting.  The  selection  of  ligand 
depends  upon  the  uniqueness  of  the  target  cell,  high  binding  affinity,  and  lowest  immuno- 
genicity.  The  Fig.  8.2  shows  the  classification  of  targeting  approaches. 


8*3  BASICS  OF  THE  FABRICATION  OF  A  MOST  FAVORABLE 
LIGAND-TARGETED  DRUG 

8*3*1  Selection  of  a  Disease-Specific  Receptor 

8.3. 1.1  Specificity 

The  safety  profile  of  drug  targeting  depends  upon  the  ratio  of  target  receptor  density 
in  diseased  cells  or  tissue  versus  normal  cells  or  tissue.  It  is  very  difficult  to  find  quan¬ 
titative  information  regarding  tissue  expression  in  the  normal  and  pathological  cell. 
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Targeting  approaches 


c 


Passive 


3 


£ 


Active 


r 

•  Leaky  vasculature 

•  Aptamer  targeted 

•  Tumor  microenvironment 

•  Receptor  targeted 

•  Local  application,  etc.  j 

^  Antibody  targeted,  etc. 

FIGURE  8.2  Classification  of  targeting  approaches. 

By  these  two  targeting  approaches,  the  active  pharma¬ 
ceutical  ingredient  reaches  the  targeted  site  accurately. 


Another  key  aspect  of  receptor  selection  is  its  particularity  for  the  ligand  and  its  capa¬ 
bility  to  reverse  to  the  surface  of  the  cell  for  ligand  binding  of  the  subsequent  round.  It 
was  found  that  to  avoid  toxicity  to  healthy  cells  or  tissue,  more  than  threefold  receptor 
enormity  expression  in  pathological  cells  is  regularly  required.  To  establish  the  folate 
overexpression  in  carcinoma  and  normal  tissues,  an  assay  of  quantitative  radio  of 
ligand  binding  was  employed  (Dhakad  et  al.,  2013;  Tekade  et  al.,  2008,  2015;  Chen 
et  al.,  2016). 

The  receptor  of  folate  is  highly  manifested  in  the  variety  of  cancer  cell.  Generally,  in  the 
therapeutic  drugs  and  imaging  agents  where  the  drug  conjugate  payload  is  nontoxic  to  a 
large  extent,  a  lower  ratio  of  disease  to  a  normal  cell  or  tissue  is  acceptable.  For  the  recep¬ 
tor  specificity,  some  points  should  be  considered  like  (1)  receptor  affinity  for  the  ligand 
and  the  ligand— drug  conjugate  is  elevated  and  (2)  the  conjugate  should  not  ensnare  in 
nontargeted  compartments.  The  distribution  of  targeted  drug  depends  upon  the  targeted 
receptor  expression  level  and  therefore  toxicity  may  be  experienced  by  healthy  tissues  and 
cells  (Vlahov  and  Leamon,  2012). 

The  desired  therapeutic  outcome  is  reached  when  the  drug  intracellular  concentration 
crosses  the  lowest  threshold;  an  adequate  number  of  receptor  should  be  available  on  the 
desired  sites  to  start  drug  delivery,  which  is  mediated  by  the  receptor.  Biodistribution  of 
the  drug— ligand  conjugate  trail  the  expression  pattern  of  the  ligand  receptor  in  the  body. 
The  specificity  of  a  ligand— drug  conjugate  with  its  receptor  must  be  characterized  in  vitro 
before  it  is  experienced  in  vivo.  The  evaluation  of  in  vivo  specificity  can  be  performed  by 
juxtaposing  the  uptake  of  the  ligand— drug  conjugate  in  receptor-positive  tissue  with  its 
response  in  different  negative  tissues.  Some  receptors  are  induced  upon  cell  activation 
(Duncan  and  Richardson,  2012). 


8.3. 1.2  Receptor  Recycling/Internalization 

Receptor  internalization  is  a  functional  process  of  receptor  binding  to  ligands  or 
agonists.  The  receptor  internalization  is  a  part  of  cell  signaling.  In  response  to  stimuli  or 
during  normal  membrane  recycling,  some  receptors  are  internalized  into  endosomes. 
After  endocytosis,  some  receptors  are  recycled  flipside  to  the  surface  of  the  cell  where 
they  are  ready  for  the  next  round  of  endocytosis  and  ligand  binding  (Fernandez-Monreal 
et  al.,  2012). 
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8*3*2  Selection  of  a  Targeting  Ligand 

8.3.2. 1  Ligand  Size 

The  pharmacokinetics  of  the  ligand-targeted  drug  is  greatly  influenced  by  the  ligand  size. 
In  one  investigation,  it  was  found  that  size  of  ligand  affected  connectivity  to  the  receptor.  In 
one  report,  it  was  found  that  passive  accumulation  of  a  conjugate  mass  was  increased  due 
to  the  increase  in  retention  effect  and  permeability  (Srinivasarao  et  al.,  2015). 

In  another  way,  large  ligand  size  may  also  cooperate  with  other  significant  properties  of 
ligand-targeted  drug  delivery,  as  due  to  large  size,  ligand  circulation  time  is  enhanced, 
which  increases  the  probability  of  intravascular  release  of  the  drug.  This  leads  to  the  distri¬ 
bution  of  the  drug  in  blood  and  finally  lessens  the  effectiveness  of  ligand-targeted  drug 
delivery.  Another  disadvantage  of  large  ligand  size  relates  to  their  penetration  rate  into 
solid  tissue.  The  diffusion  of  molecules  through  the  extracellular  mass  is  inversely  to  log 
Mr  of  LTD  (Noble  et  al.,  2014). 

As  a  result,  larger  LTDs,  for  example,  liposomes,  antibodies,  and  proteins  pierce  in  solid 
tissues  more  unhurriedly  than  minor  LTDs.  In  one  investigation,  intravital  multiphoton 
microscopy  was  used  to  assess  the  influence  of  different  size  nanomedicines  on  the  tumor 
penetration  rate  and  it  was  found  that  when  the  size  of  the  folate-PEG-rhodamine  conjugates 
increased,  long  circulation  time  and  slower  penetration  rates  were  observed  (Ghanghoria 
et  al.,  2016;  Thakur  et  al.,  2013;  Wang  et  al.,  2014).  There  are  different  challenges  occurring  in 
developing  in  ligand-based  targeting  delivery  systems,  which  are  shown  in  Fig.  8.3. 

8. 3. 2. 2  Ligand-Binding  Affinity  and  Specificity 

In  ligand-targeted  drug  delivery,  the  effective  dose  for  maximum  therapeutic  effect 
depends  on  the  potency  of  payload  and  ligand-receptor  affinity.  If  it  is  impossible  to  find 


FIGURE  8.3  Different  challenges  in  developing  ligand  targeting  delivery  systems.  There  are  different  types 
of  challenges  in  developing  targeting  delivery  systems  based  on  the  ligand.  Here  it  is  explained  under  the  classifi¬ 
cation  of  pharmacokinetic,  toxicity,  and  biodistribution. 
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a  high-affinity  ligand  then  numerous  ligands  can  be  bound  to  a  particular  payload.  For 
example,  lectin  /carbohydrate  interactions  are  weak,  so  a  multivalent  ligand  technique  is 
an  attractive  technique  to  enhance  such  weak  binding  interaction.  In  the  case  of  larger 
ligand-targeted  drugs  (LTDs),  the  high  affinity  may  cause  reduced  tumor  penetration  as  a 
result  of  excess  binding  site  barrier  effects  (Tinberg  et  al.,  2013).  For  example,  to  achieve 
durable  tumor  retention,  the  antitumor  antibodies  must  bind  to  the  tumor  antigen  with 
high  affinity  but  in  one  investigation,  Adams  et  al.  found  that  at  an  extremely  high-affinity 
interaction  between  antibodies  and  tumor  antigen  may  weaken  efficient  tumor  penetration 
(Adams  and  Weiner,  2005). 

In  another  investigation,  Schmidt  et  al.  performed  modeling  analysis  to  observe  the  effect 
of  binding  affinity  and  molecular  size  on  tumor  targeting.  They  found  that  intermediate  size 
targeting  agents  (molecular  weight  approximately  25  kDa)  showed  lowest  tumor  uptake, 
whereas  smaller  and  larger  agents  showed  higher  tumor  uptake  (Schmidt  and  Wittrup,  2009). 

8.3.2. 3  Chemistries  of  Conjugation  Site  of  Ligands 

For  small  molecular  weight  and  large  antibodies,  the  rule  for  ligand  conjugation  site 
chemistry  differs  significantly.  The  most  important  criteria  for  the  attachment  of  low 
molecular  weight  ligand  to  the  spacer  of  LTDs  are  to  preserve  the  affinity  of  ligands  for  its 
receptor.  Structural  activity  relationship  (SAR)  studies  are  performed  for  selecting  the  sites 
for  spacer  attachment  (Agarwal  and  Bertozzi,  2015). 

In  this  study,  different  areas  on  the  surface  of  ligands  can  be  derived  methodically  and 
their  impact  on  binding  affinity  analyzed.  The  main  risks  that  can  arise  due  to  false  anti¬ 
body  conjugation  site  chemistries  include  (1)  a  reduction  in  antibody-drug  conjugate 
(ADC)  binding  affinity,  and,  (2)  a  reduction  in  ADC  solubility.  The  antibody  engineering 
is  found  to  be  helpful  to  reduce  the  problem  with  antibody  solubility,  homogeneity,  and 
ADC  receptor  binding  affinity.  In  antibody  engineering,  the  therapeutic  payloads  are 
either  correlated  to  genetically  inserted  amino  acids,  unnatural  amino  acids,  or  endoge¬ 
nous  carbohydrates  (Avendano  and  Menendez,  2015). 

8.3.2A  Ligand  Stability 

Most  of  the  ligands  are  degraded  by  the  digestive  enzyme  during  circulation  through 
bloodstream  or  tissues  due  to  the  presence  of  ample  amount  of  digestive  enzyme.  The 
phagocytic  cells  present  in  the  liver,  spleen,  and  many  other  organs,  ensnare  the  circulat¬ 
ing  LTDs  and  digest  them.  Different  methods  are  used  to  stabilize  the  protein,  nucleic 
acid,  and  carbohydrate  ligand.  The  native  proteins  are  unstable  under  various  physiologi¬ 
cal  conditions;  the  bonding  with  zwitterionic  polymers  like  poly  carboxybetaine  improves 
stability  and  binding  affinity.  The  PEGylation  technique  is  also  used  to  improve  the  deliv¬ 
ery  of  protein.  Presently,  efforts  are  devoted  to  design  such  LTDs  that  are  readily  digested 
by  endocytosis  by  their  target  cell  but  remain  stable  during  circulation  (Kolate  et  al.,  2014). 


8*4  TARGETING  LIGANDS 


Efficacy  and  safety  are  the  major  criteria  required  for  new  drug  regulatory 
approval.  The  most  suitable  technique  to  obtain  these  is  by  delivering  a  proven 
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FIGURE  8.4  Classification  of  targeting  ligand. 

Different  ligands  play  a  major  role  in  delivering  the  bio¬ 
molecule  and  providing  maximum  safety  and  efficacy. 


therapeutic  drug  with  a  targeting  ligand  that  shows  high  affinity  for  pathologic  cells 
but  little  affinity  for  healthy  cells.  Classification  of  targeting  ligand  is  shown  in 

Fig.  8.4. 


8*4*1  Monoclonal  Antibodies 

Monoclonal  antibodies  are  specific  tools  for  many  biomolecular  and  immunology  stud¬ 
ies.  Monoclonal  antibodies  are  very  particular  to  their  immunological  ligand  and  they  are 
also  used  as  drug  carriers  as  well  as  to  provide  a  sustaining  mechanism  (Yokoyama  et  al., 
2013).  Monoclonal  antibodies  have  been  bound  with  the  cytotoxic  anticancer  agent  doxoru¬ 
bicin.  Wang  et  al.  developed  immunogenetic  nanosensor  based  nanoparticles  prepared 
with  monoclonal  antibodies  by  marker  antigen  CD133  of  glioblastoma  CSCs.  The  immuno¬ 
genetic  nanosensor  has  been  employed  for  molecular  imaging  of  particularly  targeted 
glioblastoma  (Wang  et  al.,  2018).  Yu  et  al.  investigated  a  high  mortality  disease  in  humans 
caused  by  H7N9  influenza  virus,  for  which  there  are  no  effective  therapeutics.  They 
reported  a  human  monoclonal  antibody,  m826,  that  binds  to  H7  hemagglutinin  (HA)  and 
protects  against  H7N9  infection  (Yu  et  al.,  2017). 

Jhaveri  et  al.  conducted  a  study  on  the  unconjugated  antibody,  trastuzumab,  which  was 
combined  with  paclitaxel  in  the  treatment  of  human  epidermal  growth  factor  receptor  2 
(HER  2).  HER  2  has  responsibility  for  the  proliferation  of  cancer  cells  (Jhaveri  et  al.,  2017). 
Razenberg  et  al.  investigated  monoclonal  antibodies  like  bevacizumab  opposed  to  vascular 
endothelial  growth  factor  and  clinical  action  against  metastatic  colorectal  cancer,  especially 
in  combination  for  chemotherapy  (Razenberg  et  al.,  2016). 

Curran  et  al.  worked  on  cetuximab  is  a  monoclonal  immune  response  that  particularly 
obstructs  the  EGFR  (epidermal  growth  factor  receptor).  They  compared  the  effectiveness 
of  cetuximab  in  combination  with  irinotecan  and  alone  in  treating  metastatic  colorectal 
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cancer  (Curran  and  Cohn,  2010).  Lundin  et  al.  demonstrated  a  monoclonal  antibody  like 
alemtuzumab  is  a  humanized  anti-CD52.  Alemtuzumab  has  been  delivered  as  first-line 
therapy  by  the  subcutaneous  route  (Lundin  et  al.,  2002). 

8.4.1.1  Cetuximab 

It  is  a  recombinant,  monoclonal  antibody  response  that  binds  particularly  to  the  extra¬ 
cellular  space  of  the  human  epidermal  development  factor  receptor  (EGFR).  For  the  treat¬ 
ment  of  metastatic  colorectal  cancer,  it  is  approved  by  the  FDA.  Wang  et  al.  evaluated 
cetuximab  in  the  first-line  treatment  of  advanced  nonsmall  cell  lung  cancer  in  recently 
published  studies,  but  still,  this  was  not  approved  by  the  FDA.  Cetuximab  has  been  pre¬ 
scribed  only  in  intravenous  administration  (Wang  et  al.,  2009). 

Min  Jung  Park  et  al.  developed  a  targeted  anticancer  formulation  using  cetuximab  as  a 
ligand.  They  evaluated  the  effect  of  cetuximab,  in  treating  human  colon  cancer  xenografts 
in  a  mouse  model.  In  this  study,  balb/c  nude  mice  with  subcutaneous  xenografts  of  HT-29 
cells  were  used.  They  found  that  pulsed  HIFU  therapy  enhanced  an  antitumor  effect  of 
epidermal  growth  factor  receptor-targeted  cetuximab  on  human  colon  cancer  xenograft 
models  in  mice.  The  histopathology  analysis  is  given  in  Fig.  8.5  (Park  et  al.,  2013). 


Control  Pulsed  HIFU  alone  Cetuximab  monotherapy  Combination  therapy 


FIGURE  8.5  Histopathologic  analysis.  Hematoxylin  and  eosin  staining  (upper  row)  of  representative  speci¬ 
mens  of  HT-29  tumors  revealed  significant  central  necrosis  of  different  degrees  in  all  specimens.  Whereas,  none 
of  the  verification  of  coagulation  necrosis  was  acknowledged.  Qualitative  evaluation  of  immunohistochemical 
staining  (lower  row)  of  this  set  of  specimens  specified  that  overall  EGFR  intensity  was  elevated  in  the  control  and 
pulsed  HIFU  alone  groups,  average  in  the  cetuximab  monotherapy  group,  and  low  in  the  combination  therapy 
group,  although  there  was  distribution  heterogeneity  within  the  tumor.  Source:  Adapted  with  permission  from  Park, 
M.J.,  Kim,  Y.-S.,  Yang,  ].,  Sun,  W.C.,  Park,  H.,  Chae,  S.Y.,  et  al.,  2013.  Pulsed  high-intensity  focused  ultrasound  therapy 
enhances  targeted  delivery  of  cetuximab  to  colon  cancer  xenograft  model  in  mice.  Ultrasound  Med.  Biol.  39  (2),  292—299. 
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In  an  investigation,  Kutty  et  al.  developed  targeted  anticancer  formulation  using  cetuxi- 
mab  as  a  ligand.  They  studied  the  effectiveness  of  the  micellar  system  in  xenograft  models 
of  triple  negative  breast  cancers.  They  found  the  superior  degree  of  tumor  escalation 
inhibition  than  compared  with  Taxotere  after  the  15-day  treatment  (Kutty  et  al.,  2015). 
Micelle  TPFC  facilitates  the  uptake  of  micelles  into  EGFR-overexpressing  MDA-MB-231/ 
Luc  tumor-bearing  SCID  mice,  shown  in  Fig.  8.6. 

In  a  study,  Cho  et  al.  developed  a  targeted  anticancer  formulation  using  cetuximab  as  a 
ligand.  For  imaging  and  targeting  of  colon  cancer,  they  prepared  cetuximab-conjugated 
magneto-fluorescent  silica  nanoparticles  (MFSN-Ctx).  MFSN-Ctx  could  particularly  target 
cancer  cells  of  the  colon  and  fabricate  noticeable  fluorescence  signals  and  provoke  MRI 
(magnetic  resonance  imaging)  signal  alterations  in  vivo.  The  local  concentration  of  MFSN- 
Ctx  at  a  tumor  was  augmented  by  the  use  of  an  exterior  magnetic  field.  To  conclude, 
MFSNCtx  enables  nonin vasive  imaging  and  quantification  of  EGFR  expression  in  vivo  and 
may  offer  a  clinically  adaptable  strategy  for  noninvasive  diagnosis  and  to  observe  the 
therapeutic  response  in  human  EGFR-expressing  tumors  (Cho  et  al.,  2010).  In  vivo  MRI 
imaging  is  shown  in  Fig.  8.7. 

8. 4.1.2  Panitumumab 

Panitumumab  is  an  example  of  an  IgG2  monoclonal  antibody  that  is  fully  humanized 
that  binds  with  effectively  epidermal  growth  factor  receptor  (EGFR)  on  normal  or  tumor 
cells,  thus  restrains  ligand-induced  receptor  autophosphorylation  and  pathway  activation. 
Skin  toxicities,  hypomagnesemia,  and  diarrhea  are  the  most  common  adverse  effects  com¬ 
bined  with  anti-EGFR  therapy.  Panitumumab  shows  two-compartmental  pharmacokinetics 
after  intravenous  administration.  The  safety  and  effectiveness  of  panitumumab  are  not 
been  investigated  in  case  of  hepatic  disability.  Panitumumab  has  been  given  by  IV  infusion 
alternatively  every  14  days  at  a  dose  of  7  mg  /kg  of  body  mass.  Blumenschein  and  collea¬ 
gues  have  investigated  the  combination  of  carboplatin,  paclitaxel,  panitumumab,  and 
AMG  706  in  patients  with  stage  IIIB/IV  NSCLC.  Crawford  et  al.  mentioned  the  combina¬ 
tion  of  cisplatin,  gemcitabine,  panitumumab,  and  AMG  706  could  be  safely  used  (Mesia 
et  al.,  2015). 

Moreover,  Kishimoto  et  al.  developed  targeted  anticancer  formulation  using  panitumu¬ 
mab  as  a  ligand.  They  investigated  photoimmunotherapy  (PIT)  using  the  IRDye  700DX 
(IR-700),  near-infrared-absorbing  photosensitizing  phthalocyanine  dye,  conjugated  with 
panitumumab  (Pan).  The  outcome  of  the  PIT  was  quick  necrotic  cell  death  in  vitro  and 
shrinkage  of  tumor  in  vivo.  Photochemical  studies  with  the  Pan-IR-700  conjugate  revealed 
the  creation  of  singlet  oxygen  and  reactive  oxygen  species  after  exposure  to  near-infrared 
(NIR)  light  (Kishimoto  et  al.,  2015).  Fig.  8.8  is  shown  inguinal  ligation  with  rubber 
band— induced  focal  hypoxia. 

8.4.1. 3  Matuzumab 

Matuzumab  is  also  called  EMD  72000.  It  is  a  humanized  IgGl  monoclonal  antibody 
against  human  EGFR.  Matuzumab  is  a  monoclonal  antibody  humanized  antiepidermal 
growth  factor  receptor  (EGFR)  against  pancreatic  cancer  (Gillies  et  al.,  2016). 

Graeven  et  al.  investigated  that  in  the  phase  I  study,  combined  treatment  with  matuzu¬ 
mab  and  standard-dose  gemcitabine  showed  potential  benefit.  Matuzumab  was  found  to 
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FIGURE  8.6  Micelles  TPFC  facilitate  the  uptake  of  micelles  into  EGFR-overexpressing  MDA-MB-231/Luc 
tumor-bearing  SCID  mice.  (A)  Whole-mouse  imaging  (excitation /emission:  620/710  nm)  study  reveals  the 
instant  uptake  of  TPFC  micelles  after  intravenous  injection  in  MDA-MB-231/Luc  tumor-bearing  SCID  mice.  The 
mice  were  injected  intravenously  with  50  nM  of  free  DiD  dye  (F),  with  DiD-loaded  TPGS  micelle  (TPF),  or  with 
cetuximab-conjugated  DiD-loaded  TPGS  micelle  (TPFC).  The  locations  of  the  MDA-MB-231  /Luc  tumors  were 
determined  with  bioluminescence  by  intraperitoneal  injection  of  150  mg/kg  luciferin  (left  panel).  (B)  Fluorescence 
imaging  of  excised  tumors  and  organs  indicated  a  strong  intensity  of  TPFC  at  MDA-MB-231 /Luc  tumors.  (C) 
Quantitative  analysis  of  fluorescence  intensities  of  tumors  and  organs  from  sacrificed  mice  describes  that  the 
TPFC  micellar  formulations  deposited  extremely  in  a  tumor  and  the  liver.  Normalized  to  free  DiD  dye.  Data  are 
means  ±  SD,  n  lA  3.  Student's  t-test  compared  with  control.  Source:  Adapted  with  permission  from  Kutty,  R.V., 
Chia,  S.L.,  Setyawati,  M.I.,  Muthu,  MS. ,  Feng,  S.-S. ,  Leong,  D.T.,  2015.  In  vivo  and  ex  vivo  proofs  of  concept  that  cetuxi- 
mab  conjugated  vitamin  E  TPGS  micelles  increases  efficacy  of  delivered  docetaxel  against  triple  negative  breast  cancer. 
Biomaterials  63,  58—69. 
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FIGURE  8.7  In  vivo  MRI  imaging.  In  vivo  MRI  detecting  of  colon  cancer  xenografts  with  nontargeted  MFSN. 
At  different  time  intervals  after  intravenous  injection,  T2  weighted  MR  tumor  images  are  revealed.  Source: 
Adapted  with  permission  from  Cho ,  Y.-S.,  Yoon ,  T.-J.,  fang ,  E.-S.,  Hong ,  K.S.,  Lee ,  S.Y.,  Kim ,  O.R.,  ef  a/.,  2010. 
Cetuximab-conjugated  magneto-fluorescent  silica  nanoparticles  for  in  vivo  colon  cancer  targeting  and  imaging.  Cancer  Lett. 
299  (l),  63-71. 


FIGURE  8.8  Inguinal  ligation  with  rubber  band-induced  focal  hypoxia.  Representative  enhanced  permeabil¬ 
ity  and  retention  (EPR)  images  of  tumor  preligation  and  postligation.  Source:  Adopted  with  permission  from  Kishimoto, 
S.,  Bernardo ,  M.,  Saito,  K.,  Koyasu,  S.,  Mitchell ,  J.B.,  Choyke ,  P.L. ,  et  ah,  2015.  Evaluation  of  oxygen  dependence  on  in  vitro 
and  in  vivo  cytotoxicity  of  photoimmunotherapy  using  IR-700— antibody  conjugates.  Free  Rad.  Biol.  Med.  85,  24—32. 


be  very  effective  as  a  single  drug  at  a  dose  between  400  and  1600  mg,  taken  weekly 

(Graeven  et  al.,  2006). 

Schmiedel  et  al.  (2008)  investigated  matuzumab,  which  is  fully  dependent  on  sterically 
blocking  the  receptor  from  adopting  the  conformation  required  for  high-affinity  ligand 
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TABLE  8.1  Monoclonal  Antibodies:  Clinical  Application 


Antibody 

Trade 

Name 

Source 

Type  of  Tumor  Treated 

Cetuximab  (C- 
225) 

Erbitux 

Chimeric 

Colorectal — Advanced — Adjuvant  colon — Rectal  (Pre/post-op.)  Head 
and  neck — Advanced — Loc.  advanced.  (RT)  Nonsmall  cell  lung 
Esophagus  Gastric  Pancreas 

Panitumumab 

(ABX-EGF) 

Vectibix 

Human 

IgG2 

Colorectal  cancer 

Matuzumab 

(EMD72000) 

- 

Humanized 

IgGl 

Colorectal,  lung,  and  stomach  cancer 

Biciromab 

FibriScint 

Mouse 

Thromboembolism  (diagnosis) 

Trastuzumab 

Herceptin 

Humanized 

Breast  cancer 

Elotuzumab 

Empliciti 

Humanized 

Multiple  myeloma 

Vedolizumab 

Entyvio 

Humanized 

Crohn's  disease,  ulcerative  colitis 

Ruplizumab 

Antova 

Humanized 

Rheumatic  diseases 

Presently  used  monoclonal  antibodies  for  clinical  studies  are  murine,  they  are  also  called  mouse  antibodies.  Different  antibodies 
with  the  trade  name  and  use  for  specific  cancer  are  mentioned. 


binding  and  dimerization  (Schmiedel  et  al.,  2008).  Clinical  application  of  monoclonal  anti¬ 
bodies  is  given  in  Table  8.1. 

Kleespies  et  al.  developed  a  targeted  anticancer  formulation  using  matuzumab  as  a 
ligand.  They  evaluated  matuzumab  (EMD72000)  in  combination  with  gemcitabine  in 
experimental  pancreatic  cancer,  using  L3.6pl  human  pancreatic  cancer  cell  line.  ErbB- 
1  phosphorylation  and  downstream  pathway  activation  was  characterized  by  Western  blot. 
For  in  vivo  studies,  they  employed  an  orthotopic  nude  mice  model.  In  recapitulation 
ErbB-1  phosphorylation  and  downstream  MAPK  and  phosphoinositide-3-kinase  (PI3K), 
signaling  was  considerably  abridged  by  matuzumab.  They  found  that  growth  and 
migration  were  appreciably  impeded  by  matuzumab  in  vitro  and  also  induced  tumor  cell 
apoptosis  in  a  dose-dependent  manner.  The  therapy  with  matuzumab  appreciably  reduced 
the  lymph  node  and  liver  metastases  and  tumor  volume.  These  effects  were  significantly 
increased  when  used  in  combination  with  gemcitabine  (Kleespies  et  al.,  2008).  Fig.  8.9 
shows  macroscopic  samples  of  pancreatic  primary  tumors. 


8*4*2  Antibody  Derivatives 

For  different  human  diseases,  antibody  derivatives  are  being  developed,  which  are  the 
fastest  growing  class  of  molecules.  Many  therapeutic  antibodies  are  limited  by  the  capability 
to  recognize  antigens,  which  come  from  significant  receptors,  interferons,  cytokines,  and 
other  effector  molecules.  Antibody  derivatives,  which  specifically  attach  to  a  particular  anti¬ 
gen  on  the  cell  surface,  can  serve  as  promising  targeting  elements /carriers  for  targeted  drug 
delivery,  especially,  full-length  antibodies.  In  one  study,  the  author  prepared  cetuximab- 
conjugated  multifunctional  PLGA-ZnS  nanoparticles  for  the  delivery  of  camptothecin. 
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FIGURE  8.9  Survival  analyses.  Kaplan— Meier  plots  for  progression-free  survival  (A)  and  overall  survival  (B)  according  to  study  arm.  Group  A 
received  pemetrexed  alone;  group  B,  pemetrexed  plus  weekly  matuzumab;  and  group  C,  pemetrexed  plus  matuzumab  every  3  weeks.  Source: 
Adapted  with  permission  from  Schiller ,  J.H.,  von  Pawel,  /.,  Schutt,  P.,  Ansari,  R.H.,  Thomas ,  M.,  Saleh,  M.,  McCroskey,  R.D.,  Pfeifer,  W.,  Marsland,  T.A., 
Kloecker,  G.H.,  2010.  Pemetrexed  with  or  without  matuzumab  as  second-line  treatment  for  patients  with  stage  IIIB/IV  non-small  cell  lung  cancer.  J.  Thorac.  Oncol. 
5(12),  1977-1985. 
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Schiller  et  al.,  in  a  randomized  phase  II  study,  investigated  pemetrexed  in  combina¬ 
tion  with  the  epidermal  growth  factor  receptor— targeting  monoclonal  antibody  matuzu- 
mab  compared  with  pemetrexed  alone  as  second-line  therapy  for  patients  with  advanced 
nonsmall  cell  lung  cancer  (Schiller  et  al.,  2010).  The  objective  response  rate  for  patients 
receiving  weekly  matuzumab  was  16%  compared  with  2%  for  those  receiving  matuzu- 
mab  every  3  weeks.  There  was  also  a  trend  for  improved  overall  survival  in  patients 
receiving  matuzumab  weekly  versus  every  3  weeks  as  shown  in  Fig.  8.9  (12.4  vs  5.9 
months,  respectively,  vs  7.9  months  for  pemetrexed  alone).  Investigators  concluded  that 
the  combination  of  pemetrexed  and  matuzumab  demonstrated  an  acceptable  safety 
profile,  with  high  efficacy. 

Carswell  et  al.  (1975)  investigated  TNF  (tumor  necrosis  factor)  was  the  part  of  endotoxin  was 
treated  on  infected  mice  by  the  serum  of  bacillus  Calmette  Guerin  (BCG).  TNF  positive  serum 
also  potent  as  well  as  endotoxin  itself  causes  necrosis  of  the  sarcoma  (Carswell  et  al.,  1975). 


8*4*3  Peptides 

A  chain  of  amino  acids  connected  using  an  amide  bond  is  called  a  peptide  bond.  In 
some  tumor  cells,  a  number  of  peptide  receptors  are  highly  expressed.  Some  examples  of 
peptide  receptors  include  somatostatin  peptide,  gastrin  related  peptide,  vasoactive  intestinal 
peptide,  etc.  The  drug— peptide  conjugation  effectively  delivers  therapeutic  agents  to  the 
target  site  through  interaction  with  peptide  receptors.  The  prostate  particular  membrane 
antigen  (PSMA)  is  widely  present  in  most  prostate  cancer  cells  (Sewald  and  Jakubke,  2015). 

Tian  et  al.  developed  a  targeted  anticancer  formulation  using  peptide  as  a  ligand.  The 
developed  peptide  ligand  modifies  solid  lipid  nanoparticles  loaded  with  atorvastatin 
calcium  (ATC).  The  ATCCSK  solid  lipid  nanoparticles  (SLNs)  were  fabricated  by  coupling 
the  peptide  ligand  CSKSSDYQC  (CSK).  It  resulted  that  CSK-SLN  exhibited  a  more  efficient 
cellular  uptake  across  the  Caco-2/HT2a  cocultured  cell  monolayer  than  compared  with 
unmodified  SLN  and  proved  to  be  a  potential  carrier  for  transportation  of  the  drug  across 
the  intestinal  barrier.  The  CSK-SLNs  showed  a  more  effective  cellular  uptake  across  the 
Caco-2/HT29  cocultured  cell  monolayer  as  evidenced  by  confocal  laser  microscopy  (Tian 
et  al.,  2016). 

Following  absorption,  the  mechanisms  were  studied  using  a  modified  in  situ  perfusion 
method  in  rats,  which  exhibited  the  segment-dependent  absorption  characteristics  of  ATC. 
The  values  of  the  ATC  CSK-SLNs  were  found  to  be  higher  (2.99-fold)  in  comparison  with 
the  ATC  solution.  The  outcome  revealed  that  CSK-modified  SLNs  will  be  promising 
carriers  for  the  transportation  of  drugs  across  intestinal  barriers  Fig.  8.10  (Tian  et  al.,  2016). 

Alexander  et  al.  developed  a  targeted  anticancer  formulation  using  peptide  as  a  ligand. 
Cocomplexation  of  the  EGFR-targeting  peptide,  GE11R9,  with  the  endosome-disruptive 
599  peptides  facilitated  the  specific  uptake  of  siRNAs  into  oral  cancer  cells.  Therefore, 
when  administered  systemically  to  mice  bearing  xenograft  oral  tumors,  it  significantly 
enhanced  the  CIP2A  silencing  (Alexander-Bryant  et  al.,  2017).  The  enhancement  in  the 
delivery  of  bioactive  siRNAs  to  xenograft  oral  cancer  tumors  using  dual  peptide  carrier  is 
shown  in  Fig.  8.11. 
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FIGURE  8.10  Images  of  confocal  microscopy. 
Cellular  uptake  of  solid  lipid  nanoparticles  and  CSK- 
solid  lipid  nanoparticles  (200mg/mL)  by  Caco-2/ 
HT29  cocultured  cells  for  dissimilar  incubation  times. 
Source:  Adapted  with  permission  from  Tian,  Q.,  Ding ,  F., 
Guo,  L.,  Wang,  ].,  Wu,  F.,  Yu,  Y.,  2016.  Targeted  solid 
lipid  nanoparticles  with  peptide  ligand  for  oral  delivery  of 
atorvastatin  calcium.  RSC  Adv.  6  (42),  35901-35909. 


8*4*4  Aptamers 

Aptamers  are  oligonucleotide  molecules  of  peptides  and  attach  to  a  specific  target  mole¬ 
cule.  Aptamers  could  be  classified  into  two  categories:  (1)  DNA  or  RNA  or  XNA  aptamers, 
which  generally  have  short  strands  of  oligonucleotides;  and  (2)  peptide  aptamers,  which 
consist  of  one  or  more  short  variable  peptide  domains.  Some  aptamers  exist  naturally  as 
the  ligand-binding  elements  of  riboswitches  and  most  are  generated  for  a  specific  target 
(Sun  et  al.,  2014). 

Aptamers  bind  with  target  antigen  with  high  specificity  and  affinity.  They  are  a  novel 
and  effective  ligand  and  possess  a  particular  ability  to  attach  with  a  variety  of  drugs  like 
peptides,  antibodies,  enzymes,  and  small  organic  molecules.  Aptamers  are  chemically 
modified  to  make  them  more  nucleolytic  degradation  resistant.  They  can  be  fabricated 
through  in  vitro  selection  process,  known  as  the  systemic  evolution  of  ligand  by  exponen¬ 
tial  enrichment  (SELEX).  Aptamers  prepared  using  this  technique  possess  a  lack  of  immu- 
nogenicity,  better  tumor/plasma  distribution,  and  tumor  penetration.  They  exhibited  a 
high  level  of  tissue  penetration  and  fast  clearance  from  the  bloodstream  by  kidneys.  For 
target  drug  delivery,  the  therapeutic  agent  is  delivered  either  through  encapsulation  in  an 
aptamer  coated  vesicle  or  through  direct  conjugation  (Parisi  et  al.,  2017). 

Harris  et  al.  developed  targeted  anticancer  formulation  using  aptamer  as  a  ligand.  They 
hypothesized  chemokine  fractalkine  as  a  cancer  molecular  target.  They  developed  aptamer 
micelles  using  an  outer  PEG  corona.  The  extent  and  efficacy  were  studied  against 
fractalkine-expressing  colon  adenocarcinoma  cells.  In  vitro  cell  binding  outcome  revealed 
that  aptamer  micelles  internalized  to  fractalkine-expressing  cancer  cells  while  minimal 
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FIGURE  8.11  The  dual  peptide  carrier  surges  bioactive  siRNAs  delivery  to  xenograft  oral  cancer  tumors 
following  systemic  administration.  (A)  Representative  in  vivo  images  of  siRNA  biodistribution  in  mice  and  (B) 
quantitative  analysis  of  tumor  fluorescence  1— 48  h  posttreatment  (C)  Real-time  PCR  analysis  of  relative  CIP2A 
mRNA  levels  in  excised  xenograft  tumor  tissues,  48  h  posttreatment  with  dual  peptide  +  Cy5.5-siCIP2A, 
599  +  Cy5.5-siCIP2A.  Source:  Adopted  with  permission  from  Alexander-Bryant,  A. A.,  Zhang ,  H.,  Attaway,  C.C.,  Pugh, 
W.,  Eggart ,  L.,  Sansevere,  R.M.,  Andino,  L.M.,  Dinh,  L.,  Cantini,  L.P.,  Jakymiw,  A.,  2017.  Dual  peptide-mediated  targeted 
delivery  of  bioactive  siRNAs  to  oral  cancer  cells  in  vivo.  Oral  Oncol.  72, 123—131. 


effect  was  seen  on  healthy  cells.  The  results  demonstrate  the  potential  of  this  approach 
and  fractalkine  was  found  to  be  a  definite  target  for  nanoparticle  delivery  to  cancer  cells 
(Harris  et  al.,  2018).  Biodistribution  and  tumor  internalization  of  micelles  in  an  animal 
model  are  shown  in  Fig.  8.12. 

Charbgoo  et  al.  prepared  micellar  hybrid  nanoparticles  for  the  targeted  delivery  of 
doxorubicin  and  pro-apoptotic  peptide  to  tumor  cells.  They  found  that  cellular  uptake  of 
MCF-7  cells  was  enhanced  by  anti-MUCl  aptamer,  which  delivers  the  synthesized  DNA 
micelles  into  MCF-7  with  high  specificity.  The  studies  were  performed  on  tumor-bearing 
mice  (Fig.  8.13)  and  showed  that  DOX-KLA-anti-MUCl  micelles  reduced  the  tumor 
growth  compared  with  free  doxorubicin  (Charbgoo  et  al.,  2018). 

In  one  study,  Ghassami  et  al.  prepared  polymeric  nanoparticles  (NPs)  conjugated  with 
aptamer  molecules  for  targeted  delivery  to  ovarian  cancer  cells.  The  aptamer  molecules 
bind  with  DTX-NPs  via  a  covalent  bond  (apt-DTX-NPs).  After  intravenous  administration 
of  Taxotere  (marketed  DTX  formulation)  and  apt-DTX-NPs  to  female  balb/c  and  HER-2- 
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1  h  3  h  24  h 


FIGURE  8.12  Animal  model  biodistribution  and  tumor  internalization  of  micelles.  (A)  Representative  mice 
with  subcutaneous  MCA-38.  FKN  tumors  shown  as  three-dimensional  volume  renderings  of  coronal  pPET 
(< orange )  overlaid  on  CT  images  (gray)  at  1,  3,  and  24  h  after  intravenous  tail  injection  of  64Cu-DOTA-labeled 
PEGylated  FKN-S2-T10  micelles  (top),  or  64Cu-DOTA-labeled  PEGylated  control  micelles  (bottom).  (B) 
Biodistribution  of  micelles  at  1,  3,  and  24  h  postinjection  from  pPET  images.  Source:  Adapted  with  permission  from 
Harris ,  M.A.,  Pearce,  T.R.,  Pengo,  T.,  Kuang,  H.,  Forster,  C.,  Kokkoli,  E.,  2018.  Aptamer  micelles  targeting  fractalkine- 
expressing  cancer  cells  in  vitro  and  in  vivo.  Nanomed.  Nanotechnol.  Biol.  Med.  14  (1),  85—96. 
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FIGURE  8.13  In  vivo  anti¬ 
tumor  efficacy  studies. 

Schematic  representation  of  the 
formation  of  DOX  KLA-DNA 
micelle-MUCI  and  in  vivo  stud¬ 
ies  on  tumor-bearing  mice. 
Source:  Adopted  with  permission 
from  Charbgoo,  F.,  Alibolandi, 
M.,  Taghdisi,  S.M.,  Abnous,  K., 
Soltani,  F.,  Ramezani,  M.,  2018. 
MUC1  aptamer-targeted  DNA 
micelles  for  dual  tumor  therapy 
using  doxorubicin  and  KLA  pep¬ 
tide.  Nanomed.  Nanotechnol.  Biol. 
Med.  14  (3),  685-697. 


overexpressing  tumor-bearing  B6  athymic  mice,  pharmacokinetic  parameters  and  antitu¬ 
mor  efficacy  were  determined  (Ghassami  et  al.,  2018). 

The  outcome  of  in  vivo  studies  specified  a  noteworthy  increase  in  area  under  the 
plasma  concentration— time  curve,  mean  residence  time,  elimination  half-life,  and  anti¬ 
tumor  efficacy  with  apt-DTX-NPs  in  a  HER-2  overexpressing  cell  line  compared  with 
DTX-NPs  and  free  drug.  Hence,  the  aptamer  conjugated  docetaxel  nanoparticles  were 
considered  as  a  potential  substitute  for  currently  marketed  DTX  formulation.  The 
photothermal  heating  ability  under  laser  irradiation  and  surface  functionalization 
ability  of  gold  nanoparticles  (AuNPs)  made  them  a  great  choice  for  cancer  treatment. 
They  served  as  an  "optical  heaters"  and  promote  the  destruction  of  malignant  cells.  In 
a  study,  the  authors  demonstrated  the  photothermal  therapy  activity  of  aptamer- 
conjugated  gold  nanoparticles  (As42-AuNPs)  towards  Ehrlich  carcinoma  cells  in 
tumor-bearing  mice.  The  NPs  were  heated  by  irradiation  with  visible  536  nm  laser  light 
for  5  min.  The  result  showed  the  complete  irradiation  of  the  tumor  with  As42-AuNPs 
treatment  (Ghassami  et  al.,  2018).  Targeted  plasmonic  photothermal  therapy  in  vivo  is 
shown  in  Fig.  8.14. 


8*4*5  Folates 

Folic  acid  (FA)  or  folate  or  vitamin  B9  is  a  low  molecular  weight  vital  nutrient,  required  by 
all  living  cells  for  nucleotide  biosynthesis.  Folic  acid  shows  high  affinity  for  folate  receptor. 
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FIGURE  8.14  Targeted  plasmonic  photothermal  therapy  in  vivo.  (A)  Thermal  images  of  mice  hips  after  tail 
vein  injection  of  DPBS  (AI),  AG-AuNPs  (All)  modified  or  AS42-AuNPs  (AIII)  after  5  min  of  laser  irradiation  at  1.2 
W.  (B)  Alterations  in  the  hip  girth  within  tumors.  The  treatment  has  been  performed  on  days  7,  9,  and  11.  (C) 
Representative  images  of  the  tumors  of  treated  and  nontreated  mice  on  day  11  treated  with  (I)  DPBS  only,  (II) 
DPBS  and  5  min  of  laser  irradiation,  (III)  AG-AuNPs  and  5  min  of  laser  irradiation,  (IV)  AS42-AuNPs  and  5  min 
of  laser  irradiation.  Source:  Adapted  with  permission  from  Ghassami,  E.,  Varshosaz,  /.,  Jahanian-Najafabadi ,  A ., 
Minaiyan,  M.,  Rajabi,  P.,  Hayati,  E.,  2018.  Pharmacokinetics  and  in  vitro/in  vivo  antitumor  efficacy  of  aptamer-targeted 
Ecoflex (g)  nanoparticles  for  docetaxel  delivery  in  ovarian  cancer.  Int.  J.  Nanomed.  13 ,  493. 

All  the  eukaryotic  cells  required  FA  for  the  synthesis  of  purines  and  pyrimidine  and  for 
1 -carbon  metabolism.  The  folate  receptor  (FR)  is  recognized  as  one  of  the  most  capable  epi¬ 
thelial  cancer  markers.  FR  includes  four  isoforms,  a,  (3,  y/Y/  and  6,  expressed  in  a  few  cell 
types.  FRa  is  highly  expressed  in  more  than  40%  of  human  cancers,  where  it  is  completely 
available  for  folate  linkage  drugs.  FRa  is  reported  in  brain,  uterus,  ovarian,  and  CNS  can¬ 
cers  while  some  moderate  level  has  also  been  reported  in  lung,  kidney,  and  breast  cancer 
(Tekade  et  al.,  2008,  2009a,b). 

Figini  et  al.  investigated  the  function  of  FRa  in  ovarian  cancer  cells.  The  cancer  cells 
were  transfected  with  a  single  chain  intrabody  targeting.  FRa  demonstrates  impaired 
tumor  cell  proliferation,  reduced  cell  surface  expression,  and  reduced  colony  formation. 
Recent  studies  showed  that  upon  binding  with  folate,  FRa  initiated  intracellular  regulating 
signaling  (Figini  et  al.,  2003). 
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Sega  et  al.  reported  that  FRa  expression  has  been  examined  by  various  methods  such  as 
measurement  of  mRNA  level  by  qPCR,  immunohistochemistry  using  monoclonal  antibo¬ 
dies,  etc.  and  it  was  found  that  folate  is  not  retained  in  kidney  and  therefore,  no  severe 
toxicity  has  been  observed  in  humans  and  rodents  (Sega  and  Low,  2008). 

Nanoscaled  polymeric  aggregates  consisting  of  doxorubicin,  PEG,  and  folic  acid  were 
developed  by  Yoo  and  Park,  for  targeted  drug  delivery  to  head  and  neck  cancer.  They 
found  a  higher  level  of  intracellular  uptake  of  drug  loaded  nanoaggregates  against  KB 
cells.  In  comparison  to  free  doxorubicin,  they  have  also  reported  greater  cytotoxic  effects 
of  drug-loaded  nanoparticles  (Yoo  and  Park,  2004) 

In  one  study.  Son  et  al.  fabricated  poly  (lactic-co-glycolic  acid)  (PLGA)  NPs,  consisting 
of  pheophorbide  (PBa).  The  resulted  FA-PLGA-Pba  NPs  demonstrated  quicker  cellular 
uptake  to  MKN28  human  gastric  cancer  cell  line  and  also  illustrated  increased  tumor  cell 
killing  compared  with  control  PLGA-Pba-NPs.  In  vivo  and  ex  vivo  investigations  of  target¬ 
ing  capability  of  FA-PLGA-Pba  NPs  were  made  following  IV  injection  (Fig.  8.15). 

Li  et  al.  prepared  folic  acid  modified  nonaqueous  acetogenins  nanosuspension 
(FA-PEG-ACGs-Nsps)  using  DSPE-PEG-FA  and  soybean  lecithin  (SPC)  as  stabilizers.  The 
prepared  nanosuspension  showed  significantly  surged  in  vitro  cytotoxicity  against  folate 
receptor-  positive  HeLa  cell  lines.  The  antitumor  efficacy  of  FA-PEG-ACGs-Nsps  was 
investigated  in  HeLa  tumor-bearing  mice  and  it  was  found  that  more  drug  molecules 
accumulated  into  tumors  and  greatly  improved  the  antitumor  efficacy.  The  DSPE-PEG-FA 
was  considered  as  an  effective  stabilizer  and  FA-PEG-ACGs-Nsps  was  found  to  be  a 
promising  drug  delivery  system  for  ACGs  to  treat  FR  overexpressed  tumors  (Li  et  al., 
2018).  The  in  vivo  biodistribution  of  PEG-ACGs/DiR-NSps,  and  FA-PEG-ACGs/ 
DiR— NSps  in  HeLa  tumor-bearing  mice  is  shown  in  Fig.  8.16. 


8*4*6  Lectins 

On  the  surface  of  the  cells,  a  variety  of  sugar  receptors  are  present,  called  lectins.  They 
are  proteins  that  bind  to  carbohydrate  and  are  greatly  explicit  to  moieties  of  sugar.  Lectin 
has  an  imperative  function  in  biological  recognition  involving  cells,  proteins,  and  carbohy¬ 
drates.  The  lectins  are  found  on  various  types  of  organisms  from  viruses  to  humans.  They 
bind  especially  to  sugar  complexes  attached  to  protein  and  lipids.  They  are  appropriate  for 
ligand-targeted  drug  delivery  as  they  are  able  to  bind  with  a  component  of  the  glycosylated 
membrane.  A  biological  signal  is  transported  to  the  cell  after  binding  of  lectins  to  their 
specific  ligand,  which  may  result  in  internalization.  They  bind  directly  to  the  epithelial  cells, 
while  the  mucoadhesive  polymers  bind  to  the  mucous  layer.  Therefore  lectin  is  termed  as  a 
second  generation  bioadhesive,  with  a  wide  range  of  gastrointestinal  applications. 

For  targeting  glyconanoparticles,  glycodendrimers,  glycofullerenes,  glycoclusters,  etc.  a 
number  of  different  perspectives  have  been  employed  for  the  lectin  receptor  of  C-type. 
Moreover,  by  the  appropriate  selection  of  lectins,  cell-specific  targeting  can  be  accom¬ 
plished.  For  example,  on  the  surface  of  hepatocytes,  the  receptor  of  asialoglycoprotein 
(ASGP-R)  is  asserted.  A  galactose  bearing  drug  carrier  system  used  this  receptor  for  target¬ 
ing  of  the  drug  (Chopdey  et  al.,  2015;  Kurmi  et  al.,  2010;  Das  et  al.,  2009). 
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FIGURE  8.15  In  vivo  and  ex  vivo  analysis  of  the  tumor-targeting  ability  of  FA-PLGA-Pba  NP  after  intravenous  injection.  (A)  Real-time  NIRF 
images  of  tumor  site  in  MKN28  tumor-bearing  mice  after  intravenous  injection  of  free  Pba  and  FA-PLGA-Pba  NP.  (B)  Quantitative  image  analysis 
based  on  average  NIRF  radiant  efficiency  [(p/s/cm2/sr)/(pW/cm2)]  in  tumor  site  ( n  =  3).  *  indicates  differences  at  the  p  <  .05  significant  level  (ana¬ 
lyzed  using  one-way  ANOVA).  (C)  Ex  vivo  NIRF  images  of  major  organs  (heart,  lung,  liver,  spleen,  and  kidney)  and  tumors  24  h  postintravenous 
injection  of  free  Pba  and  FA-PLGA-Pba  NP.  The  right  image  shows  the  comparison  of  the  only  tumor  tissues  with  different  intensity  scale.  (D) 
Quantitative  image  analysis  by  photon  counts  of  a  major  organ  (heart,  lung,  liver,  spleen,  and  kidney)  and  tumor  (n  =  3).  *  indicates  differences  at 
the  p  <  .05  significant  level  (analyzed  using  one-way  ANOVA).  (E)  Fluorescence  image  of  6-pm  cryosection  of  tumor  tissues  24  h  postintravenous 
injection  of  free  Pba  and  FA-PLGA-Pba  NP.  Scale  bar  represents  200  pm.  Source:  Adapted  with  permission  from  Son ,  /.,  Yang ,  S.M.,  Yi,  G.,  Roh ,  Y.J.,  Park , 
H.,  Park,  J.M.,  et  ah,  2018.  Folate-modified  PLGA  nanoparticles  for  tumor-targeted  delivery  of  pheophorbide  a  in  vivo.  Biochem.  Biophys.  Res.  Commun.  498  (3), 
523-528  (Son  et  al,  2018). 
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FIGURE  8.16  In  vivo  biodistribution  of  PEG-ACGs/DiR-NSps,  and  FA-PEG-ACGs/DiR-NSps  in  HeLa 
tumor-bearing  mice.  (A)  At  the  end  of  the  experiment  average  fluorescence  intensity  in  tumors  of  the  two  groups. 
(B)  At  the  end  of  the  experiment,  the  ratio  of  the  fluorescence  intensity  in  the  tumor  to  the  fluorescence  intensity 
in  liver  (Te  to  the  liver)  of  two  groups.  All  data  are  presented  as  mean  ±  SD.  p  <  .05,  p  <  .01  with  FA-ACGs- 
NSps.  Source:  Adapted  with  permission  from  Li ,  H.,  Li,  Y.,  Ao,  H.,  Bi,  D.,  Han,  M.,  Guo,  Y .,  et  al.,  2018.  Folate-targeting 
annonaceous  acetogenins  nanosuspensions:  significantly  enhanced  antitumor  efficacy  in  HeLa  tumor-bearing  mice.  Drug 
Deliv.  25  (1),  880-887. 


Dube  et  al.  studied  the  hepatoprotective  silibinin  (SY)  loaded  galactose  conjugated  lipo¬ 
somes  for  targeting  and  delivery  the  lectin  receptor.  In  this  work  liposomal  vesicles  contain¬ 
ing  short  unilamellar  plain  (LP-SY)  and  galactosylated  (GL-LP-SY)  were  prepared.  The 
author  found  the  comprehensive  localization  of  the  liposomes  in  cells  of  the  liver.  Colorectal 
cancer  is  the  most  common  cancer  found  worldwide.  Magnetic  resonance  imaging  (MRI)  is 
the  most  appropriate  technique  used  to  find  colorectal  cancer  (Dube  et  al.,  2010). 

In  an  investigation.  He  et  al.  developed  targeted  anticancer  formulation  using  lectins  as 
a  ligand.  For  in  vivo  MR  and  CT  imaging,  they  used  lectin  conjugated  Fe203@  Au  NPs 
(lectin-Fe203@  Au  NPs)  as  a  twin  modality  contrast  agent.  The  potential  of  these  conju¬ 
gates  was  tested  using  three  lectin-Fe203@  Au  NPs  to  identify  colorectal  tumors  (SW620) 
in  BALB/C  nude  mice.  The  outcome  revealed  capabilities  of  lectin-  Fe203@  Au  NPs,  for 
both  in  vitro  and  in  vivo  MR  and  CT  imaging.  It  was  concluded  that  nanoparticle-based 
contrasting  agents  lectin  may  be  employed  as  a  tumor  targeting  ligand  (He  et  al.,  2014).  In 
vivo  MR  images  of  coronal  of  nude  mice  with  tumor  after  intravenous  injection  are  shown 
in  Fig.  8.17. 


8*4*7  Transferrin 

Transferrin  is  a  blood  plasma  glycoprotein  with  affinity  with  iron,  which  controls  the 
level  of  free  iron  in  biological  fluids.  It  has  80  kDa  molecular  weight  and  it  consists  of  two 
specific  high  affinity  Fe+3  binding  sites.  In  humans,  it  has  a  polypeptide  chain  consisting 
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FIGURE  8.17  In  vivo  coronal  MR  images  of  nude  mice  bearing  tumor  after  intravenous  injection. 

WGA  —  Fe2C>3@Au  [4  pmol  in  NaCl  solutions  (0.9  wt  %)]  at  dissimilar  time  intervals  [preinjection  (A)  and  6  h  (B), 
12  h  (C),  and  24  h  (D)  postinjection],  respectively.  The  tumor  site  is  specified  by  a  red  circle.  Source:  Adapted  with 
permission  from  He,  X.,  Liu ,  F.,  Liu ,  L.,  Duan ,  T.,  Zhang ,  H.,  Wang ,  Z.,  2014.  Lectin-conjugated  Fe203@  Au  core@  shell 
nanoparticles  as  dual  mode  contrast  agents  for  in  vivo  detection  of  tumor.  Mol.  Pharm.  11  (3),  738—745. 

of  two  carbohydrates  and  a  chain  of  679  amino  acids.  The  liver  is  the  main  site  for  trans¬ 
ferrin  synthesis.  The  brain  also  produces  transferrin  (Gao  et  al.,  2015). 

For  drug  delivery  to  a  specific  target,  now  a  days  the  use  of  Transferrin  (main  protein 
in  the  blood  that  binds  to  iron  and  transports  it  throughout  the  body),  is  noteworthy.  The 
delivery  can  be  achieved  through  the  direct  linkage  of  the  drug  to  the  targeting  moiety  or 
by  drug  loading  into  carriers  such  as  nanoparticles  (Kim  et  al.,  2015). 

Drugs  such  as  anticancer  drugs,  proteins,  or  peptides  may  be  both  chemically  bound 
to  transferrin  or  enclosed  with  the  liposome.  The  resulting  conjugates  then  go 
through  receptor-mediated  endocytosis  and  consequently  liberate  the  drugs.  The  merits  of 
drug— transferrin  conjugates  include  desirable  tissue  distribution,  extended  drug  half-life 
in  the  plasma,  and  managed  drug  launch  from  the  conjugates.  Conjugate  stability  can  be 
improved  by  advanced  linkage  strategies.  On  the  other  hand,  by  protein  engineering,  the 
therapeutic  proteins  or  peptides  can  also  be  linked  to  the  transferrin  structure  (Pattni 
et  al.,  2015). 

The  ability  of  transferrin  can  be  influenced  by  the  size  and  composition  of  conjugates. 

This  kind  of  carrier  is  incredibly  competent  at  gene  transfer;  a  tumor  suppressor  gene, 
such  as  p53,  has  been  correctly  delivered  to  tumors  in  vivo  when  using  a  cationic  liposome- 
transferrin  based  vector.  Though  normally,  it  suffers  from  inferior  transferrin  affectivity 
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compared  with  viral  vectors,  as  well  as  problems  stemming  from  interactions  with  serum 
proteins,  which  restrict  blood  movement  circulation  and  control  entry  to  the  target  tissues. 
Tf  in  the  human  body  is  mainly  responsible  for  iron  transport  and  is  found  to  be  overex- 
pressed  in  different  kinds  of  cancer  cells.  The  expression  level  of  Tf-R  in  normal  cells  is  low 
and  almost  negligible  (Daniels  et  al.,  2012). 

Zhou  et  al.  developed  a  targeted  anticancer  formulation  using  transferrin  as  a  ligand. 
This  system  was  fabricated  using  modification  in  hollow  mesoporous  silica  nanoparticles 
(HMSNs)  with  transferrin  via  redox-liable  linkage.  The  doxorubicin  loaded  nanocarriers 
administered  intravenously  to  nude  mouse  models  and  targeted  to  tumor  site  through 
enhanced  permeability.  It  was  observed  that  the  endurance  time  of  mice  mediated  with  the 
DOX-loaded  HMSNs-S-S-Tf  system  was  long-lasting  and  showed  maximum  survival  rates 
( >  60%)  among  all  groups.  The  result  suggested  that  these  nanocarriers  are  extremely  bio¬ 
compatible  and  able  to  alleviate  toxic  side  effects  of  DOX  (Zhou  et  al.,  2018).  Deshpande  et 
al.  formulated  DOX-loaded  liposomes,  surface-modified  with,  R8  and  transferrin  (Tf)  (Dual 
DOX-L),  to  improve  targeting  of  A2780  ovarian  carcinoma  cells  via  the  over-expressed 
transferrin  receptors  (TfRs)  with  R8-mediated  intracellular  DOX  delivery  (Deshpande  et  al., 
2018).  Flow  cytometry  analysis  with  fluorescently  labeled  Dual  L  (without  DOX)  showed 
twofold  higher  cancer-cell  association  than  other  treatments  after  4  h  treatment.  Blocking 
entry  pathways  of  R8  (macropinocytosis)  and  Tf  (receptor-mediated  endocytosis,  RME) 
resulted  in  a  decreased  cancer-cell  association  of  Dual  L.  Confocal  microscopy  confirmed 
involvement  of  both  entry  pathways  and  cytoplasmic  liposome  accumulation  with  nuclear 
DOX  delivery  for  Dual  DOX-L.  Dual  DOX-L  exhibited  enhanced  cytotoxicity  in  vitro  and 
was  most  effective  in  controlling  tumor  growth  in  vivo  in  an  A2780  ovarian  xenograft 
model  compared  to  other  treatments.  A  pilot  biodistribution  study  showed  improved  DOX 
accumulation  in  tumors  after  Dual  DOX-L  treatment.  Fig.  8.18  shows  the  effect  of  dual  func¬ 
tional  DOX-loaded  liposomes  on  cell  death  in  cancer  and  noncancer  cells.  Assessment  of 
cell  viability  of  A2780  cells  with  time  24  h  and  48  h  mentioned  in  Fig.  8.1 8A  and  B,  respec¬ 
tively  whereas  Fig.  8.1 8C  and  D  shows  the  comparison  of  cell  death  in  A2780  cancer  and 
NIH3T3,  H9C2,  CCD27Sk  noncancer  cells  at  75  pM.  All  results  collectively  presented  a  clear 
advantage  of  the  R8  and  Tf  combination  to  elevate  the  therapeutic  potential  of  DOX-L  by 
exploiting  TfR  over-expression  imparting  specificity  followed  by  endosomal  escape  and 
intracellular  delivery  via  R8. 

Moreover,  Guo  et  al.  developed  a  targeted  vector  having  nanoparticles  of  lipid-coated 
poly  D,  L-lactic-co-glycolic  acid  (PLGA-NP)  altered  with  transferrin.  For  the  lung  cancer 
remedy,  doxorubicin  was  employed  as  a  model  drug.  The  DIR  (1,1 -Dioctadecyl-3,  3,  3', 
3-tetra  methyl  imido-tricarbocyanine  iodide)  loaded  nanoparticles  were  used  to 
examine  the  distribution  of  NPs  in  lung  cancer  A  549  cell  having  nude  mice.  The 
signal  strength  in  the  tumor  of  Tf-LPs  was  powerful  as  compared  with  other  groups.  The 
Tf-LPs  was  found  to  be  a  potent  drug  delivery  system  for  targeting  lung  cancer  cells 
with  negligible  or  none  adverse  effects  (Guo  et  al.,  2015).  Liu  et  al.  developed  an 
efficient  tumor-targeted  nanoparticle  delivery  system,  transferrin-eight-arm-polyethylene 
glycol-dihydroartemisinin  nanoparticles  (TF-8arm-PEG-DHA  NPs)  for  the  vehiculation 
of  dihydroartemisinin  (DHA)  and  characterized  for  its  targeting  efficiency  and  cytotoxic¬ 
ity  in  vitro  and  in  vivo  to  Lewis  lung  carcinoma  (LLC)  cells,  which  overexpress  transfer¬ 
rin  receptors  (TFRs)  (Liu  et  al.,  2016).  The  synthesized  TF-8arm-PEG-DHA  NPs  had  high 
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FIGURE  8.18  Effect  of  dual  functional  DOX-loaded  liposomes  on  cell  death  in  cancer  and  noncancer  cells. 
Assessment  of  cell  viability  of  A2780  cells  treated  with  DOX  loaded  PL  DOX-L,  Tf  DOX-L,  R8  DOX-L,  and 
Dual  DOX-L,  at  DOX  concentration  of  0.2-75  pM  for  15  min  followed  by  24  (A)  or  48  h  (B)  incubations. 
Comparison  of  cell  death  in  A2780  cancer  and  NIH3T3,  H9C2,  CCD27Sk  noncancer  cells  at  75  |iM.  Cells  treated 
with  DOX-loaded  PL  DOX-L,  Tf  DOX-L,  R8  DOX-L,  and  Dual  DOX-L  for  15  min  followed  by  24  h  (C)  or  48  h  (D) 
incubations.  Source:  Adapted  with  permission  from  Deshpande,  P.,  Jhaveri ,  A.,  Pattni,  B.,  Biswas ,  S.,  Torchilin,  V.,  2018. 
Transferrin  and  octaarginine  modified  dual-functional  liposomes  with  improved  cancer  cell  targeting  and  enhanced  intracel¬ 
lular  delivery  for  the  treatment  of  ovarian  cancer.  Drug  Deliv.  25  (1),  517—532. 


solubility  (~102  fold  of  free  DHA),  relatively  high  drug  loading  (~10  wt%  DHA),  long 
circulating  half-life  and  moderate  particle  size  ( ~  147  nm).  The  in  vitro  cytotoxicity  and 
in  vivo  tumor  growth  inhibition  studies  in  LLC-tumor  bearing  mice  confirmed  the 
enhanced  efficacy  of  TF  modified  8arm-PEG-DHA  NPs  compared  to  free  DHA  and 
nonmodified  8a-rm-PEG-DHA  NPs.  Fig.  8.19A  and  B  shows  the  tumor  volume  of  mice 
with  diverse  treatment  groups  and  therapeutic  efficiency  of  diverse  treatments 
correspondingly.  Fig.  8.19C  shows  the  photograph  of  tumor  of  mice  from  each  treatment 
on  20th  day.  Fig.  8.19D  and  E  explains  the  variation  if  the  body  weight  of  mice  after 
diverse  treatment  and  levels  of  IgE  in  mice  with  different  formulations  after  an  hour, 
respectively.  Fig.  8.19F  tells  about  the  change  in  white  blood  cells  in  normal  mice  after 
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diverse  administrations.  All  these  results  together  supported  that  the  formulation 
developed  in  this  work  exhibited  great  potential  as  an  effective  tumor  targeting  delivery 
system  for  insoluble  anticancer  drugs. 


8*4*8  Lactoferrin  (LF) 

It  is  a  multifunctional  protein  belonging  to  the  family  of  transferrin.  Lf  is  a  low  molecu¬ 
lar  weight  (80  kDa)  globular  glycoprotein  and  is  present  in  various  secretory  fluids  such  as 


FIGURE  8.19  Antitumor  efficacy  of  DHA,  8arm-PEG— DHA  NPs,  and  TF-8arm-PEG — DHA  NPs  in  LLC- 
bearing  mice  model.  (A)  Tumor  volumes  of  mice  with  different  treatment  groups.  (B)  Therapeutic  efficacy  of  dif¬ 
ferent  treatments.  (C)  Tumor  photographs  from  each  treatment  group  excised  on  day  20  (i:  control,  ii:  DHA,  iii: 
8arm-PEG— DHA  NPs,  and  iv:  TF-8arm-PEG-DHA  NPs).  (D)  The  body  weight  variation  of  mice  with  different 
treatments.  (E)  IgE  levels  of  mice  treated  with  different  formulations  for  30  min.  (F)  WBC  change  during  different 
administrations  in  normal  mice.  Source:  Adapted  with  permission  from  Liu ,  K.,  Dai ,  L.,  Li,  C.,  Liu,  ].,  Wang,  L.,  Lei,  J. 
2016.  Self-assembled  targeted  nanoparticles  based  on  transferrin-modified  eight-arm-polyethylene  glycol— dihydroartemisinin 
conjugate.  Sci.  Rep.  6(29461). 
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saliva  and  nasal  secretions,  tears,  and  milk.  It  interacts  with  DNA,  RNA,  polysaccharides, 
and  heparin.  Lf  is  liberated  into  most  of  the  exocrine  fluids  in  iron-free  form  from  epithe¬ 
lial  cells.  In  the  respiratory  tract,  it  also  plays  an  important  role  in  physiological  defense 
mechanisms  (Garcia-Montoya  et  al.,  2012). 

Lf  is  explicated  in  the  endothelial  cells  of  the  blood— brain  barrier  (BBB)  and  success¬ 
fully  used  in  ligand-target  drug  delivery.  The  diversified  biological  activities  of  Lf  are 
governed  by  Lf  receptors.  The  existence  of  particular  Lf  receptors  in  the  brain  is  indicated 
by  several  reports  including  the  result  of  immune-histochemistry  and  reverse 
transcriptase-polymerase  chain  reaction  (RT-PCR).  Hunh  et  al.  characterized  the  Lf 
receptor  and  found  that  it  can  be  effectively  used  for  brain  targeting  as  a  ligand.  The  poly- 
amidoamine  (PAMAM)-PEG-Lf  can  be  used  as  a  promising  nonviral  gene  vector  targeting 
to  the  brain  (Hu  et  al.,  2011). 

Fang  et  al.  developed  lactoferrin  modified  targeting  magnetic  polydiacetylene  nanocar¬ 
riers  (PDNCs).  The  poly  diacetylene  nanocarriers  are  fabricated  by  using  UV-cross  linkable 
10,  12-pentacosadiynoic  acid  (PDCA)  monomers.  The  passage  of  polydiacetylene  nanocar¬ 
riers  across  the  blood— brain  barrier  can  be  enhanced  by  the  magnetic  Lf-modified  polydia- 
cetylene  nanocarriers  with  magnetic  resonance  imaging  (MRI).  The  Lf-PDNCs  were 
administered  to  glioma-bearing  F344  rats  and  magnetic  resonance  studies  were  performed. 
The  Lf  receptors  are  highly  exposed  to  glioma,  which  increased  the  efficacy  in  crossing 
BBB  after  Lf-conjugated  PDNCs  injection.  The  previous  studies  showed  that  curcumin 
(Cur)  can  cross  the  BBB.  But  Cur  is  not  stable  in  water-based  solutions  and  showed  poor 
bioavailability  and  absorption.  The  administration  of  Lf-cur-PDNs  to  orthotopic  tumor¬ 
bearing  rats  showed  longer  survival  time  as  compared  with  the  control  group.  The 
result  revealed  that  Lf  targeting  and  controlled  release  significantly  suppressed  tumors  in 
orthotopic  brain-bearing  rats  (Fang  et  al.,  2016).  Lim  et  al.  investigated  if  the  conjugation 
of  the  polypropylenimine  13  dendrimer  to  lactoferrin  and  lactoferricin,  whose  receptors 
are  over  expressed  on  cancer  cells,  could  result  in  a  selective  gene  delivery  to  14  tumors 
and  a  subsequently  enhanced  therapeutic  efficacy  (Lim  et  al.,  2015).  The  conjugation  of 
lactoferrin  and  lactoferricin  to  the  dendrimer  significantly  increased  the  gene  expression  in 
the  tumor  while  decreasing  the  nonspecific  gene  expression  in  the  liver.  Consequently, 
the  intravenous  administration  of  the  targeted  dendriplexes  encoding  TNFa  led  to  the 
complete  suppression  of  60%  of  A431  tumors  and  up  to  50%  of  B16-F10  tumors  over  1 
month.  The  treatment  was  well  tolerated  by  the  animals.  Fig.  8.20A  reveals  the  tumor 
growth  studies  in  mouse  A431  xenograft  model  after  intravenous  administration  of 
different  dendriplexs.  From  the  Fig.  8.20B  analyze  variations  of  the  body  weight  of  animal 
throughout  the  treatment.  Fig.  8.20C  shows  the  overall  tumor  response  to  the  treatment  at 
the  end  of  study.  Fig.  8.20D  gives  the  information  of  disease  progression  with  respect  to 
time.  These  results  suggest  that  these  novel  lactoferrin-  and  lactoferricin-bearing 
dendrimers  are  promising  gene  delivery  systems  for  cancer  therapy. 

8*4*9  Mannose  Derivatives 

The  type-I  transmembrane  glycoproteins  include  mannose-6-phosphate  receptors.  At 
pH  6.5— 6.7,  they  bind  their  specific  oligosaccharides  via  the  mannose-6-phosphate  (M6P) 
recognition  site.  Their  main  role  is  to  transport  those  lysosomal  enzymes  that  consist  of  an 
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FIGURE  8.20  (A)  Tumor  growth  studies  in  a  mouse  A431  xenograft  model  after  intravenous  administration  of 

DAB-LF  dendriplex  carrying  plasmid  DNA  encoding  TNFa  (50  |ig/ injection)  (green),  DAB-LFC  dendriplex  (blue), 
DAB  dendriplex  (orange),  DAB-LF  dendriplex  carrying  a  non-therapeutic  DNA  encoding  (3-galactosidase  (pale 
green),  DAB-LFC  dendriplex  carrying  a  non-therapeutic  DNA  encoding  (3-galactosidase  (pale  blue),  naked  DNA 
(red)  and  untreated  tumors  (back)  (n  a  10).  (B)  Variations  of  the  animal  body  weight  throughout  the  treatment 
(Color  coding  as  in  (a)).  (C)  Overall  tumor  response  to  treatments  at  the  end  of  the  study.  (D)  Time  to  disease  pro¬ 
gression.  The  y-axis  gives  the  proportion  of  surviving  animals  over  time.  Source:  Adapted  with  permission  from  him ,  L. 
Y.,  Koh ,  P.  Y.,  Somani,  S.,  At  Robaian,  M.,  Karim ,  R.,  Yean ,  Y.  L.,  et  al.  2015.  Tumor  regression  following  intravenous 
administration  of  lactoferrin-and  lactoferricin-bearing  dendriplexes.  Nanomed.:  Nanotechnol.  Biol.  Med.  11(6) ,  1445—1454. 


M6P  recognition  marker.  The  blood— brain  barrier  (BBB)  is  characterized  by  tight  intracel¬ 
lular  junctions  and  thus,  it  averts  the  uptake  of  substances  of  high  molecular  weight,  but 
substances  of  low  molecular  weight  (<5kDa),  electrically  natural,  and  lipid-soluble  sub¬ 
stances  can  easily  diffuse  through  (Kumar  et  al.,  2018). 
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The  carrier  such  as  D-glucose  (GLUTs)  is  responsible  for  the  transportation  of  glucose  to 
target  cells  or  tissues.  The  GLUT1  is  a  member  family  of  GLUTs  and  it  is  highly  mani¬ 
fested  in  cells  such  as  BBB  endothelial  cells  and  glioma  cells.  The  glioma  is  a  very  malig¬ 
nant  brain  tumor  and  there  is  a  big  challenge  in  the  effectual  deliverance  of  therapeutic 
agents  into  gliomas.  GLUT1  provides  an  ultimate  carrier  for  targeting  the  drug  to  the 
glioma  (Olson  and  Dahms,  2015). 

In  one  study,  Ying  et  al.  developed  p-aminophenyl-a-D-manno-pyranoside  (MAN) 
conjugating  with  the  phospholipid  bilayer  of  liposomes  and  transferrin  to  evaluate  dual 
targeting  effects.  The  double  targeting  effects  were  evaluated  in  both  in  vitro  (BBB  model, 
C6  glioma  cells,  C6  glioma  tumor  spheroids)  and  in  vivo  (C6  glioma-bearing  rats)  models. 
The  outcome  revealed  that  the  transportation  ratio  through  the  BBB  model  and  C6  glioma 
spheroid  volume  increased  significantly.  The  in  vivo  results  also  showed  a  significant 
increase  in  the  median  survival  time  of  tumor-bearing  rats  compared  with  tumor-free. 
From  the  above  study,  it  was  concluded  that  dual  targeting  of  daunorubicin  liposomes 
improved  the  healing  effectiveness  of  brain  lipoma  (Ying  et  al.,  2010). 

In  another  study,  Sahu  et  al.  developed  paclitaxel  (PTX)-loaded  mannosylated-DPSE 
(distearoyl-phosphatidyl-ethanolamine)  solid  lipid  nanoparticles  (M-SLN)  for  lung  cancer 
treatment.  In  this  study,  the  free  amine  group  of  stearylamine  conjugated  with  mannose 
and  PTX-SLNs  was  prepared  using  solvent  injection  method.  Cytotoxicity  studies  were 
performed  on  A549  lung  epithelial  cancer  cell  lines.  The  M-SLN  showed  superior  cytotox¬ 
icity  in  contrast  with  to  PTX-SLN  and  PTX  solution  of  drug  (Sahu  et  al.,  2015).  Further, 
cellular  uptake  studies  were  carried  out  on  albino  rats.  The  formulations  were  adminis¬ 
tered  intravenously  to  rats  and  higher  accumulation  of  M-SLN  in  lung  squamous  cell 


FIGURE  8.21  Stability  study. 

Fluorescence  photomicrograph  of  lung 
tissue  sac  after  6  h  administration  of 
Rhodamine  B  loaded  placebo  (A)  Solid 
lipid  nanoparticles  and  (B)  MSLNs  (450). 
Source:  Adapted  with  permission  from 
Sahu ,  P.K.,  Mishra,  D.K.,  fain,  N.,  Rajoriya, 
V .,  Jain,  A.K.,  2015.  Mannosylated  solid 
lipid  nanoparticles  for  lung-targeted  delivery 
of  Paclitaxel.  Drug  Dev.  Ind.  Pharm.  41  (4), 
640-649. 
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tissues  was  observed.  The  result  suggested  the  PTX-loaded  M-SLN  was  found  to  be  a 
promising  and  effective  method  for  the  healing  of  lung  cancer.  SLNs  have  also  been 
explored  by  investigators  for  targeted  delivery  of  gemcitabine  using  mannose  anchoring 
(Soni  et  al.,  2016).  Fig.  8.21  shows  the  stability  studies  data. 


8*5  LIGAND-TARGETED  PRODUCTS  IN  THE  MARKET 

Ligand's  HepDirect  is  a  prodrug  technology  of  the  first  generation  that  can  transport 
some  phosphorus  containing  drugs  to  the  liver  through  a  chemical  alteration  that  gives  a 
biologically  dormant  active  pharmaceutical  ingredient  until  cleaved  by  the  liver-specific 
enzyme.  This  technology  can  develop  the  efficiency  and  safety  of  some  drugs  and  can  be 
implemented  to  marketed  or  novel  drug  products  to  heal  liver  disease  or  diseases  due  to 
hemostasis  imbalance  of  circulating  molecules  controlled  by  the  liver  (Vajda  et  al.,  2013). 
Some  other  marketed  products  based  on  ligands  are  given  in  Table  8.2. 


TABLE  8.2  Marketed  Products  of  Ligand 


Product 

Type/Remark  of  Ligand 

Company 

Name 

Year  of 

FDA 

Approval 

Eloctate 

Blood  clotting  factor  (replacement  therapy  for  hemophilia  A) 

Biogen  Idee 

2014 

Alprolix 

Blood  clotting  factor  (replacement  therapy  for  hemophilia  B) 

Biogen  Idee 

2014 

Amevive 

(alefacept) 

Binds  CD2  (inhibits  T  cell  proliferation  in  psoriasis  and  transplant 
rejection) 

Astellas  and 
Biogen  Idee 

2003 

Enbrel 

(etanercept) 

Binds  to  soluble  and  membrane  TNF  (treatment  of  RA  and  plaque 
psoriasis) 

Amgen  and 
Immunex 

1998 

Orencia 

(abatacept) 

Binds  CD80  and  CD86  (inhibits  T-cell  costimulation  in  RA) 

Bristol-Myers- 

Squibb 

2005 

Nulojix 

(belatacept) 

Binds  CD80  and  CD86  (inhibits  T-cell  costimulation  in  transplant 
rejection) 

Regeneron  and 
Sanofi  Aventis 

2011 

Eylea 

(aflibercept) 

Binds  VEGF-A,  VEGF-B,  and  PIGF  (treatment  of  wet  age-related 
macular  degeneration) 

Regeneron  and 
Sanofi  Aventis 

2011 

Zaltrap  (Ziv- 
aflibercept) 

Binds  VEGF-A,  VEGF-B,  and  PIGF  (treatment  of  colorectal  cancer) 

Regeneron  and 
Sanofi  Aventis 

2012 

Arcalyst 

(rilonacept) 

Binds  and  neutralize  IL-1  in  cryopyrin-associated  periodic 
syndrome 

Regeneron  and 
Sanofi  Aventis 

2008 

Nplate 

(romiplostim) 

Acts  as  an  agonist  on  the  thrombopoietin  receptor  to  stimulate  the 
production  of  platelets  in  refractory  immune  thrombocytopenia 

Amgen 

2008 

The  discovery  of  targeting  ligand  to  cancer  cells  and  the  development  of  ligand-targeted  therapy  will  help  us  to  improve 
therapeutic  efficacy  and  reduce  side  effects.  Unlike  other  forms  of  therapy,  it  will  allow  us  to  maintain  the  quality  of  life  for 
patients,  while  efficiently  attacking  the  cancer  tissue.  It  indicates  that  ligands  have  a  pivotal  role  in  cancer  cell  targeting.  Various 
marketed  formulations  available  as  per  FDA. 
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The  ligand-targeted  drug  delivery  system  has  a  number  of  advantages  over  nontargeted 
systems.  In  case  of  a  targeted  drug  delivery  systems,  the  therapeutic  warhead  is  targeted 
specifically  to  the  diseased  cell  with  the  least  exposure  to  normal  healthy  cells,  thereby 
reduction  in  unwanted  toxicity  is  observed.  Now,  due  to  the  diverse  nature  of  LTDs,  it  is 
manageable  to  recognize  a  ligand  for  targeting  various  human  diseases.  Further,  a  variety 
of  therapeutic  payload,  spacers,  and  linkers  are  available,  so  it  is  possible  to  improve  the 
properties  of  LTDs.  Ligand-targeted  drug  delivery  also  offers  greater  flexibility  for  optimi¬ 
zation  of  the  drug  compared  with  nontargeted  delivery.  With  LTDs,  until  the  desired 
efficacy  is  achieved  the  therapeutic  warhead  can  be  repeatedly  substituted.  The  targeting 
ligand  can  be  exchanged  independently  until  tumor  specificity  is  achieved.  Even  with  the 
improvement  in  the  properties  of  LTDs  to  reduce  drug  toxicity,  enhance  potency,  and 
efficacy,  the  future  of  ligand-targeted  drug  delivery  seems  to  be  promising. 
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Abbreviation 

ADC 

Antibody-drug  conjugate 

ATC 

Atorvastatin  calcium 

AuNP 

Gold  nanoparticle 

BBB 

Blood-brain  barrier 

BCG 

Bacillus  Calmette  Guerin 

Ctx 

Cetuximab 

Cur 

Curcumin 

DOX 

Doxorubicin 

DTX 

Docetaxel 

EGFR 

Epidermal  growth  factor  receptor 

FA 

Folic  acid 

FR 

Folate  receptor 

HER 

Human  epidermal  growth  factor  receptor 

HIFU 

High  intensity  focused  ultrasound 

IgG 

Immunoglobulin  G 

kDa 

Kilodalton 

LTD 

Ligand  targeted  drug 

MAPK 

Mitogen-activated  protein  kinase 

MFSN 

Magneto-  fluorescent  silica  nanoparticle 

MRI 

Magnetic  resonance  imaging 

MTD 

Maximum  targeted  dose 
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NIR 

NP 

PAMAM 

Pan 

PCR 

PDNC 

PEG 

PIT 

PSMA 

SAR 

SCID 

SLN 

TNF 


Near-infrared 

Polymeric  nanoparticle 

Poly-amidoamine 

Panitumumab 

Polymeric  chain  reaction 

Polydiacetylene  nanocarriers 

Poly  ethylene  glycol 

Photoimmunotherapy 

Prostate  particular  membrane  antigen 

Structure  activity  relationship 

Severe  combined  immunodeficiency  disease 

Solid  lipid  nanoparticle 

Tumor  necrosis  factor 
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9.1  NANOMATERIALS:  AN  OVERVIEW 


Recently,  nanotechnology  has  proven  its  potential  role  in  the  development  of  diverse 
research  areas  including  medical,  pharmaceutical,  and  veterinary  sciences.  In  pharmaceuti¬ 
cal  sciences,  the  use  of  nanotechnology  has  become  the  priority  due  to  their  target  specific 
mechanisms  (Uddin  et  al.,  2016).  Nanomaterials  (NMs)  used  in  pharmaceutical  develop¬ 
ment  have  many  properties  including  their  smaller  size,  that  is,  10—1000  nm,  increased 
effective  surface  area,  target  specificity,  and  unique  optical,  magnetic,  electrical,  chemical, 
and  mechanistic  properties  (Ravishankar  Rai  and  Jamuna  Bai,  2011).  These  properties  of 
NMs  are  widely  employed  in  the  biologic  and  medicine  fields  including  cancer,  bioima¬ 
ging,  gene  therapies,  pharmacokinetics  studies,  diagnostics,  and  photodynamic  and  photo- 
thermal  therapy  (Guo  et  al.,  2017;  Wu  et  al.,  2015a). 

However,  the  variant  types  of  properties  of  NMs  need  to  be  studied  vigorously  to 
understand  the  transportation  of  NMs  across  biological  membranes  along  with  their  inter¬ 
action  with  the  biological  system  (Zhang  et  al.,  2012).  The  different  categories  of  NMs 
are  used  in  the  fields  of  medicine,  including  gold  nanoparticles,  liposomes,  carbon  nano¬ 
tubes,  quantum  dots  (QDs),  dendrimer,  nanospheres,  fullerenes,  etc.  (Kuche  et  al.,  2018; 
Tekade  et  al.,  2017b). 

All  of  these  NMs  are  targeted  towards  specific  diseases  through  systemic  administra¬ 
tion,  or  are  otherwise  injected  directly  at  the  diseased  tissue  site.  Among  these  NMs,  a 
small  number  are  targeted  by  the  topical  route  of  administration  to  attain  local  effect 

(Grumezescu,  2017). 

Nanoparticles  (NPs)  are  diagnostic  and  therapeutic  tools  that  have  been  widely 
employed  in  nanomedicine  to  enhance  the  success  of  diagnostic  and  treatment  therapy 
(Baetke  et  al.,  2015;  Ojha  and  Kumar,  2017;  Chithrani  et  al.,  2010;  Sharma  et  al.,  2015). 
Many  of  them  are  currently  under  clinical  trial,  while  some,  like  liposomes,  are  already  in 
the  market  (Bulbake  et  al.,  2017;  Kalyane  et  al.,  2018).  However,  formulation  of  biocompati¬ 
ble,  nonimmunogenic,  and  nontoxic  NPs  is  a  challenging  task  to  decrease  risks  associated 
with  them  and  to  protect  the  health  of  human  beings  from  toxic  NP  systems  (Sharma 
et  al.,  2012).  To  date,  there  is  not  much  strong  evidence  that  enumerates  all  NP-related 
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safety  concerns  and  their  interactions  with  the  biological  milieu.  However,  there  is  an 
extensive  need  to  study  interactions  of  NPs  with  biological  systems  to  discard  NPs- 
associated  toxicity  (Li  et  al.,  2012b;  Tekade  et  al.,  2017a). 


9*2  NANOPARTICLE-MEMBRANE  INTERACTIONS: 
ELASTIC  THEORY 


The  cell  membrane  is  made  of  a  phospholipid  bilayer  that  separates  the  cell  from  its 
environment.  The  cell  membrane  functions  in  such  a  way  so  that  it  could  protect  internal 
cellular  cytosolic  components  from  the  external  environment.  The  presence  of  different 
proteins,  cholesterol,  and  lipopolysaccharides  into  the  inner  membrane  or  onto  the  surface 
of  the  phospholipid  bilayer  allows  the  cell  to  communicate  with  other  cells  (Contini  et  al., 
2018).  All  of  these  compounds  are  also  responsible  for  communication  of  the  cell  with  the 
environment.  This  communication  of  the  cell  with  the  environment  regulates  the  entry/ 
transport  of  molecules  depending  upon  their  molecular  weight  and  polarity  (Contini 
et  al.,  2018). 

A  smaller  and  nonpolar  molecule  such  as  oxygen  usually  passes  through  the  cell  mem¬ 
brane  via  the  mechanism  of  Fickian  diffusion,  while  macromolecules  and  polar  molecules 
transport  across  the  cellular  membrane  by  attachment  with  a  carrier  protein.  The  internali¬ 
zation  and  expulsion  of  macromolecules  from  the  external  environment  into  the  cytosol 
and  vice  versa  is  governed  by  the  processes  called  receptor-mediated  endocytosis  and 
exocytosis,  respectively  (Smith  et  al.,  2018). 

The  cell  membrane  proteins  such  as  clathrin,  caveolin,  flotillin,  etc.  carry  the  function  of 
endocytosis  and  exocytosis.  This  natural  cell  mechanism  can  be  employed  for  the  delivery 
of  NPs  across  the  cell  membrane  without  involvement  in  any  type  of  specific  receptor- 
mediated  interactions  (Zhang  et  al.,  2015;  Kumari  et  al.,  2010).  Due  to  the  high  flexibility  of 
lipid  membranes,  adhesion  of  NPs  to  the  surface  membrane  leads  to  bilayer  deformation 
that  causes  NP  engulfment  and  final  uptake.  The  physicochemical  interactions  between 
the  NPs  and  membrane  govern  the  uptake  of  NP  into  the  membrane  without  specific 
interactions. 

For  the  adhesion  of  NPs  to  the  membrane,  strong  adhesion  energy  is  needed. 
Otherwise,  nanoparticles  will  undergo  Brownian  collisions  with  the  lipid  membrane,  with¬ 
out  adhering  to  it.  By  another  way,  the  NPs  get  partially  wrapped  by  the  lipid  bilayer 
despite  poor  adhesion  property.  After  partial  wrap  of  NPs  by  a  lipid  bilayer,  they  find 
suitable  conditions  to  get  completely  wrapped  by  a  membrane.  The  complete  wrapping  of 
NPs  by  the  membrane  promotes  the  detachment  of  NPs  from  the  inner  surface  of  the 
membrane  and  internalization  process  (Spangler  et  al.,  2016). 


9-3  CELL:  IMPORTANT  COMPONENTS  IN  BIOINTERACTION 
WITH  NANOMATERIALS 


Interaction  of  NPs  with  biologicals  such  as  amino  acids,  proteins,  DNA,  RNA,  fats, 
lipids,  and  different  metabolites  within  the  biological  system  occurs  due  to  their  smaller 
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size  and  high  surface:  mass  ratio  (Saptarshi  et  al.,  2013).  In  fact,  adsorption  of  proteins  on 
the  NP  surface  has  a  specialized  significance.  The  adsorption  of  different  types  of  protein 
molecules  on  the  surface  of  NPs  promotes  the  formation  nanoparticle— protein  corona 
(NPs-PC)  (complex  between  nanoparticles  and  protein)  (Van  Hong  Nguyen,  2017; 
Kharazian  et  al.,  2016).  This  complex  can  inhibit  the  biological  activity  of  NPs  and  may 
make  them  ineffective  (Casals  et  al.,  2010). 


9*3*1  Model  Membranes  for  Interaction  Study 

These  are  the  structures  that  investigate  the  change  in  different  properties  of  the  mem¬ 
brane  when  they  come  in  contact  with  NPs  (Chen  and  Bothun,  2013).  These  models  can  be 
a  supportive  planar  structured  bilayer,  vesicles,  or  interfacial  single  layered  structures. 
The  vesicles  or  liposomes  have  been  widely  employed  to  stimulate  a  cell-like  membrane 
structure  due  to  their  simplicity  and  having  a  structure  analogous  to  lipid  model  mem¬ 
brane  and  therefore  are  also  explored  in  the  delivery  of  therapeutic  agents  (Zepik  et  al., 
2008;  Peetla  et  al.,  2009;  Maheshwari  et  al.,  2012). 

Based  on  their  size  and  lamellarity,  these  spherical  vesicles  or  liposomes  are  categorized 
in  different  classes,  that  is,  small  unilamellar  vesicles  (SUVs)  having  vesicular  size  of 
10—100  nm,  large  unilamellar  vesicles  (LUVs),  100  nm  to  1  pm  of  vesicular  size,  giant  uni¬ 
lamellar  vesicles  (GUVs)  with  vesicular  size  of  1  pm  and  bigger,  and  multilamellar  vesicles 
(ML Vs),  which  possess  mutilamellae  and  vesicular  size  of  200  nm  to  3  pm.  (Akbarzadeh 
et  al.,  2013;  Daniels,  2005).  Dry  film  hydration  and  ethanol  injection  are  the  generally  used 
methods  for  preparation  of  ML  Vs  of  different  sizes.  Extrusion  method  is  used  for  the  prep¬ 
aration  of  SUVs  and  LUVs.  Apart  from  this,  gentle  lipid  film  hydration  and  electroforma¬ 
tion  methods  are  used  for  GUVs  preparation.  However,  preparation  and  stabilization  of 
all  these  vesicular  systems  is  a  challenging  task  (Akbarzadeh  et  al.,  2013). 


9.4  IMPORTANT  PROPERTIES  OF  NANOMATERIALS 
INVOLVED  IN  BIOINTERACTION 


NMs  used  in  the  field  of  drug  delivery  possess  specific  and  unique  physicochemical 
properties,  like  particle  size,  surface  area,  charge,  shape,  and  dissolution  rate.  The  other 
properties  such  as  magnetic,  optical,  electronic,  thermal,  and  mechanical  further  increase 
their  essence  in  drug  delivery  applications  (Khan  et  al.,  2017).  Functionalization  of  these 
NPs  with  different  specific  ligands  enhances  the  delivery  of  therapeutic  agent  to  the  spe¬ 
cific  tissue  or  targeted  disease  (Vass  et  al.,  2015).  All  of  these  properties  may  help  in  per¬ 
meation  and  penetration  of  NMs  through  biological  barriers  into  cells. 


9*4*1  Particle  Size 

Due  to  their  smaller  size,  NPs  cause  more  cellular  damage  than  the  macrosized  parti¬ 
cles.  The  tissue  distribution  and  tissue  toxicity  are  directly  linked  with  the  size  of  NPs,  as 
it  is  a  membrane  wrapping  kind  of  phenomenon  (Yildirimer  et  al.,  2011).  The  larger  NPs 
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do  more  ligand-to-receptor  interaction  than  smaller  NPs.  The  larger  NPs  show  more 
ligand— receptor  interactions  per  particle;  while  smaller  NP  coated  with  50-kDa  proteins 
interact  with  only  single  or  double  receptors  (Albanese  et  al.,  2012). 

Many  of  small  ligand-gated  NPs  together  drive  membrane  wrapping  by  binding  with 
receptors  to  one  another  in  close  direction  and  through  the  generation  of  enough  free 
energy.  In  contrast,  the  mechanism  of  interaction  of  larger  NPs  is  different  from  that  of  the 
smaller  ones,  as  they  are  known  to  be  cross-linkers  and  form  clusters  with  receptors  to 
induce  cellular  uptake  (Albanese  et  al.,  2012).  Regarding  the  thermodynamic  view,  NPs 
having  a  size  of  40—50  nm  are  capable  enough  to  bind  with  receptors  to  produce  success¬ 
ful  cellular  uptake.  The  NPs  with  size  above  50  nm  bind  to  many  receptors,  which  limits 
the  cellular  uptake  by  redistribution  of  receptors  on  cell  membrane  via  diffusion  (Behzadi 
et  al.,  2017). 

Furthermore,  the  larger  size  of  NPs  restricts  the  binding  of  other  NPs  to  that  specific 
receptor.  Hence,  the  NPs  having  a  size  between  30  and  50  nm  are  taken  up  by  the  cell 
effectively  through  receptor-mediated  endocytosis  (Zhang  et  al.,  2009).  This  is  because  of 
the  optimal  density  of  NPs,  which  explains  the  availability  of  ligand  on  NPs  and  sufficient 
localized  receptors  on  the  cell  surface. 

However,  these  studies  were  performed  on  cell  lines  having  a  unique  phenotype 
and  different  expression  level  of  receptors.  Hence,  there  is  a  vital  need  to  apply  mathe¬ 
matical  models  to  primary  cells  in  different  cell  cultures  to  expand  the  NP  size-based 
drug  design  mechanism  to  effectively  target  a  particular  receptor  or  protein  (Albanese 

etal.,2012). 


9*4*2  Shape 

NP  systems  exist  in  different  morphologies  and  shapes,  that  is,  spherical,  vesicular,  tri¬ 
angles,  cubes,  wires,  shells,  cages,  stars,  rods,  etc.,  which  has  an  impact  on  their  kinetics 
and  transport  mechanism.  Both  of  these  factors  can  also  can  mediate  toxicity  of  NPs,  for 
example,  triangular  nanoplates  showed  more  Escherichia  coli  inhibition  than  other  shaped 
(spheres  and  rods)  AgNPs,  which  may  be  due  to  the  higher  density  of  triangular  nano¬ 
plates  (Jackson  et  al.,  2017). 

The  shape  of  NPs  has  a  direct  relationship  with  their  cellular  uptake. 

The  attachment  of  NPs  to  specific  cellular  receptors  opens  the  path  for  the  NPs  to  enter 
the  cell.  It  has  been  demonstrated  that  rod-shaped  NPs  showed  higher  cellular  uptake 
than  spheres,  cylinders,  and  cubes.  These  results  obtained  for  NPs  having  a  particle  size 
larger  than  100  nm.  In  contrast,  NPs  that  possess  size  below  100  nm,  the  sphere-shaped 
NPs,  showed  an  advantage  over  rod-shaped  NPs,  and  cellular  uptake  of  rods  seemed  to 
be  decreased  (Zucolotto,  2013). 

The  investigations  also  indicated  that  interactions  of  nonspherical  NPs  with  cells  looked 
to  be  more  complex.  The  ligand-coated  rod  NPs  interacts  with  the  cell  by  either  short  axis 
or  long  axis,  where  the  long  axis  can  interact  with  a  large  number  of  receptors  (Zucolotto, 
2013;  Zhang  et  al.,  2015).  The  gold  nanourchins  show  a  different  kind  of  interaction 
phenomenon  with  receptors,  unlike  rods  or  spheres,  due  to  their  spiky  nanostructures 
(Zucolotto,  2013). 
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9*4*3  Surface  Electric  Charge 

The  cellular  attachment  of  NPs  and  their  uptake  within  the  cell  significantly  depend  on 
the  surface  charge  present  on  it  (Frohlich,  2012).  NPs  that  possess  positive  charge  on  their 
surface  show  higher  and  faster  cellular  uptake  as  compared  with  neutral  or  negative 
charge.  The  mechanism  behind  this  phenomenon  is  due  to  the  slight  negativity  of  the  cell 
membrane,  positively  charged  NPs  get  attracted  toward  the  cell  membrane  and  this  elec¬ 
trostatic  adhesion  further  enhances  cellular  uptake. 

A  smaller  NP  with  cationic  nature  charge  may  disturb  the  membrane  potential  of  the 
cell,  which  causes  entry  of  Ca2+  into  cells,  which  leads  to  the  collapse  of  cell  proliferation 
(Prokop  et  al.,  2016).  The  surface  charge  also  can  act  as  an  inducer  to  reconstruct  the  lipid 
bilayers.  Attachment  of  positively  charged  NPs  to  lipid  bilayers  generally  induces  fluidity 
of  it;  while  negatively  charged  NPs  promote  local  gelation  (Howard  et  al.,  2016). 

Many  studies  have  reported  that  charge  present  on  the  NP  surface  accelerates  the 
response  of  the  biological  system  towards  it.  The  presence  of  a  positive  or  negative  charge 
on  NMs  affects  the  corona  composition,  which  is  comprised  of  multiple  proteins  (Docter 
et  al.,  2015).  This  effect  is  because  of  quick  covering  the  surface  charge  of  NMs  by  the 
plasma  proteins  or  other  biological  proteins.  The  negatively  charged  citrate-capped  gold 
NPs  showed  this  type  of  interaction  effect  with  cells  in  culture  (Liu  et  al.,  2013). 

9*4*4  Nanomaterials  *  Inherent  Properties 

The  inherent  properties  of  NMs  such  as  biodegradability  or  nonbiodegradability,  immu- 
nogenicity  or  nonimmunogenicity  affect  their  safety  profile.  Some  nonbiodegradable  NMs 
remain  in  body  tissues  for  a  period  of  up  to  8  months  and  can  be  eliminated  via  the  kid¬ 
ney.  Such  NMs  may  produce  toxicity  within  the  body  system,  and  that  creates  a  question 
mark  regarding  their.  Therefore,  longer-term  distribution  study  of  NMs  should  be  con¬ 
ducted  to  avoid  their  safety  concerns.  The  NMs  may  promote  disruption  of  lysosomes  and 
can  cause  induction  of  the  mitochondrion  to  generate  reactive  oxygen  species  (ROS)  or 
elicit  genotoxic  effects  (Fig.  9.1)  (Cheng  et  al.,  2013). 

The  toxicity  of  NMs  varies  from  cell  to  cell  and  animal  to  animal,  for  example,  CdSe 
QDs  exhibited  their  toxicity  (hepatotoxicity)  in  cell  cultures,  but  they  were  observed  to  be 
quite  safe  in  Sprague  Dawley  rats  (Howard  et  al.,  2016;  Hauck  et  al.,  2010).  A  similar  kind 
of  phenomenon  was  observed  with  single- wall  carbon  nanotubes  (SWNTs)  and  their 
PEGylated  form.  These  non-PEGylated  and  PEGylated  SWNTs  showed  toxicity  in  vitro 
but  not  in  rats  and  rabbits.  The  differential  toxicity  of  NMs  may  be  due  to  their  localized 
concentration.  During  in  vivo  studies,  it  was  observed  that  NPs  moved  continuously  from 
organ  to  organ,  hence  may  be  nontoxic  to  rats  and  rabbits  (Howard  et  al.,  2016). 

9*5  TRANSPORTATION  OF  BIOMATERIALS  INSIDE  THE  CELL: 
MECHANISMS  INVOLVED 


9*5*1  Endocytosis 

The  communication  between  all  cell  types  of  the  body  and  their  biological  environment 
occurs  by  the  mean  of  endocytosis.  The  internalization  of  ions  and  biomolecules  within 
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FIGURE  9.1  The  cellular  uptake,  intercellular  trafficking,  and  toxicity  of  NMs.  NMs  may  cause  lysosome  dis¬ 
ruption  and  induce  the  mitochondrion  to  generate  ROS  or  genotoxicity. 

cells  is  carried  out  by  this  energy-dependent  process.  The  cell  obtains  energy  through  the 
internalization  of  nutrients  and  interacts  with  other  cells  by  signaling  molecules  internali¬ 
zation  (Doherty  and  McMahon,  2009;  Casern,  2016). 

Endocytosis  pathways  include  clathrin-  and  caveolae-mediated  endocytosis,  phagocyto¬ 
sis  (Richards  and  Endres,  2014;  Botelho  and  Grinstein,  2011),  macropinocytosis  (Kruth 
et  al.,  2005),  and  pinocytosis  (Kettiger  et  al.,  2013).  The  clathrin  and  caveolae-mediated 
endocytosis  are  the  receptor-mediated  endocytosis  processes.  Many  cells  employ  the 
receptor-mediated  endocytosis  pathway  for  engulfing  different  NMs  inside  the  cell  includ¬ 
ing  viruses  and  NPs. 

These  clathrin-  and  caveolae-mediated  endocytosis  pathways  are  the  most  critical  inter¬ 
nalization  pathways  to  take  NPs  into  cells.  The  functionalization  of  NPs  with  specific 
ligands  enhances  the  clathrin-mediated  internalization  process  is  depicted  in  Fig.  9.2 
(Krpetic  et  al.,  2014).  The  other  endocytosis  pathway  is  called  phagocytosis,  which  is 
restricted  to  professional  phagocytes  (immune  cells),  like  neutrophils,  macrophages,  and 
dendritic  cells.  However,  this  pathway  is  applied  only  with  foreign  material  having  a  size 
larger  than  0.5  pm  (Krpetic  et  al.,  2014). 

The  fluids  and  particles  both  nonspecifically  can  be  internalized  into  the  cell  through 
the  process  of  macropinocytosis.  In  contrast,  pinocytosis  pathway  absorbs  the  biological 
fluid  from  the  environment  of  the  cell.  Hence  it  is  also  called  the  "cell  drinking"  process 

(Salatin  and  Yari  Khosroushahi,  2017). 

In  regard  to  inhibiting  the  process  of  receptor-mediated  endocytosis,  different  endo¬ 
cytosis  inhibitors  are  used.  For  example,  chlorpromazine  hydrochloride  is  used  as  a 
clathrin-mediated  endocytosis  inhibitor,  which  promotes  the  release  of  clathrin  and 
adaptor  protein  complex  2  (APC-2)  from  the  surface  of  the  cell  (Kuhn  et  al.,  2014). 
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FIGURE  9.2  Entry  of  functiona¬ 
lized  NPs  into  cells  via  specific 
NP— cell  membrane  interaction  fol¬ 
lowed  by  receptor-mediated  endocy- 
tosis.  Internalization  of  NPs  into  cells 
starts  with  adherence  of  NP  membrane 
receptor  followed  by  pit  formation  and 
internalization  as  a  clathrin-mediated 
endosome. 
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9*5*2  Passive  Diffusion 

Passive  diffusion  is  a  transport  system  in  which  transport  of  molecules  across  the  cell  or 
plasma  membrane  takes  place  without  the  involvement  of  an  active  energy  mechanism. 
NPs  also  can  permeate  across  the  cell  or  plasma  membrane  by  means  of  passive  diffusion 
process  (Nakamura  and  Watano,  2018).  Wang  et  al.  demonstrated  that  4-nm-sized  D-peni- 
cillamine-coated  quantum  dots  (DPA-QDs)  were  sufficient  to  penetrate  into  red  blood  cells 
(RBCs)  by  crossing  the  plasma  membrane. 

The  result  also  shows  that  zwitterionic  DPA-QDs  interact  with  the  lipidic  membrane, 
which  further  softens  the  membrane  and  makes  it  more  flexible.  This  allows  NPs  to  pas¬ 
sively  permeate  through  the  plasma  membrane  while  maintaining  membrane  integrity 
(Wang  et  al.,  2012).  Geiser  et  al.  also  studied  the  role  of  thermal  capillary  waves  and  line 
tension  concerning  the  entry  of  NPs  into  the  cells  through  passive  diffusion  mechanism 
and  adhesive  interactions  (Geiser  et  al.,  2005). 


9*5*3  Macrophage  Uptake 

Macrophages  are  the  major  class  of  phagocytes,  which  limit  foreign  body  particles 
within  the  biological  system  (Gordon  and  Pliiddemann,  2017).  The  biological  conditioning, 
distribution,  and  macrophage  processing  are  comparatively  simple  in  the  in  vitro  assays 
as  compared  with  in  vivo  experiments.  To  determine  intrinsic  targeting,  biodistribution  of 
NPs,  reticuloendothelial  system  (RES)  accumulation,  circulation  time,  and  toxicity  profile 
of  NPs  there  is  need  to  study  the  organ-specific  uptake  of  NPs  by  macrophages,  induction 
of  toxicity,  and  clearance  in  vivo  (Epelman  et  al.,  2014). 

Macrophages  have  a  diverse  heterogenic  nature  concerning  their  functions,  tissue- 
specific  phenotypes,  and  reactivity  toward  the  invaders.  The  environmental  conditioning 
is  highly  responsible  for  this  diverse  nature,  which  will  ultimately  affect  the  processing  of 
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NPs  in  vivo.  For  example,  Kupffer  cells  present  in  the  liver  are  comprised  of  varying  phe¬ 
notype  compared  with  other  location  macrophages,  because  they  are  meant  to  perform 
their  tissue-specific  functions.  The  cells  of  the  interior  portal  region  of  the  liver  (which  is  a 
combined  structure  of  the  vascular  system,  lymphatic  system,  biliary  system,  and  nervous 
system)  show  more  scavenger  receptors,  and  more  phagocytosis  as  well  as  lysosomal 
enzyme  activity  than  other  centralized  cells.  The  macrophages  vary  significantly  in  the 
level  of  endocytosis  depending  upon  their  location  and  macrophage  receptors  expression 
(Gordon  and  Pliiddemann,  2017;  Epelman  et  al.,  2014). 


9*6  INTERACTION  OF  NANOMATERIALS  WITH  BLOOD 
AND  BLOOD  COMPONENTS 


Biological  response  of  plasma  proteins  to  the  NMs  need  to  be  studied  to  prevent  or 
avoid  the  toxic  effects  of  them  on  blood  components.  When  biomaterials  come  in  contact 
with  blood,  the  plasma  proteins  start  to  adsorb  on  biomaterials,  which  initiate  a  biological 
response  against  them.  A  number  of  proteins  are  present  in  the  blood  that  perform  their 
specific  biological  function  activities  (Sobot  et  al.,  2015).  Albumin,  immunoglobulins,  and 
fibrinogen  are  the  most  abundant  proteins  present  in  plasma,  comprising  more  than  50% 
of  total  proteins.  Apart  from  these  proteins,  fibronectin,  vitronectin,  and  von  Willebrand 
factor  (vWF)  are  also  found  in  the  blood,  which  mediate  platelet  adhesion  to  the  material 
surface  (Bernard  et  al.,  2018). 


9*6*1  Approaches  to  Diminish  Interaction  of  Nanomaterials 
With  Blood  and  Blood  Components 

9. 6. 1.1  Decreasing  the  Nonspecific  Protein  Interaction 

The  surface  adsorption  of  NPs  to  plasma  proteins  affects  their  circulation  and  total  bio¬ 
distribution  after  systemic  administration.  Different  types  of  complement  factors  and 
immunoglobulin  bind  to  NPs  and  allow  them  to  be  recognized  by  the  MPS  through  opso¬ 
nization,  leading  to  rapid  clearance  from  the  bloodstream.  The  majority  of  macrophage 
phagocytosis  and  splenic  filtration  mechanisms  perform  the  recognition  process.  There  are 
many  issues  related  to  NPs  including  aggregation,  accumulation  and  tissue  toxicity, 
short  half-life,  etc.  Different  strategies  have  been  developed  to  address  these  problems 
(Zhang  et  al.,  2012). 

The  blood  residence  time  of  NPs  can  be  enhanced  by  PEGylation  (poly  (ethylene  glycol) 
(PEG)  coating)  (Swierczewska  et  al.,  2015;  Thakur  et  al.,  2015).  The  surface  functionaliza¬ 
tion  is  one  of  the  most  successful  methods  used  for  the  reduction  of  protein  absorption, 
through  hydrophilicity  and  steric  repulsion  effects  (Suk  et  al.,  2016).  This  led  to  the  forma¬ 
tion  of  a  "stealth"  carrier  system.  PEGylated  liposomal  formulation  of  doxorubicin  (Doxil) 
(Barenholz,  2012)  and  the  PLA-PEG  polymeric  micelles  of  paclitaxel  (Genexol-PM) 
(Swierczewska  et  al.,  2015)  are  examples  of  stealth  nanocarrier  systems.  This  type  of  sys¬ 
tem  decreases  the  nonspecific  interactions  between  proteins  and  NPs  and  thereby  limits 
MPS  uptake.  The  decreased  MPS  uptake  increases  the  blood  circulation  half-life  of  NPs, 
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resulting  in  higher  accumulation  of  doxorubicin  in  tumor  tissues  via  a  phenomenon  called 
enhanced  permeability  and  retention  (EPR)  effect.  The  nonspecific  interactions  brutally 
interfere  in  the  identification  and  detection  of  proteomic  signature  due  to  the  presence  of  a 
large  number  of  nonspecific  proteins.  The  higher  concentrations  of  nonspecific  proteins 
may  produce  a  low  signal-to-noise  ratio  and  false  positive  signals  (Salmaso  and  Caliceti, 
2013). 

It  is  very  critical  to  block  the  nonspecific  binding  and  treat  the  NMs  for  various  applica¬ 
tions,  especially  affinity  biosensors  or  nanoarrays,  due  to  the  presence  of  abundant  biore¬ 
cognition  elements.  This  problem  can  be  eliminated  by  use  of  nonfouling  coating  materials 
such  as  zwitterionic  polymers,  PEG,  or  their  derivatives,  which  will  prevent  nonspecific 
protein  adsorption  after  exposure  to  complex  media  (Zhang  et  al.,  2017).  For  example,  pro¬ 
tein  arrays  prepared  by  using  zwitterionic  poly  (carboxybetaine  acrylamide)  combined 
with  a  a  surface  plasma  resonance  (SPR)  sensor  were  used  to  detect  specific  cancer  bio¬ 
markers  and  to  monitor  antigen— antibody  interaction  kinetics  of  human  blood  plasma 
(100%)  with  sensitivity  and  high  specificity.  Minimal  noise  was  observed  due  to  protein 
adsorption  on  the  functionalized  zwitterionic  surface  (Vaisocherova  et  al.,  2008). 


9. 6. 1.2  Limiting  the  Immunogenicity 

The  immune  cells  of  the  body  system  generate  positive  recognition  signals  against 
NMs,  and  they  behave  with  them  as  they  do  with  the  pathogen.  This  recognition  may 
induce  an  immune  response  against  NMs,  and  sometimes  reaction  can  be  dangerous. 
Hence,  decreasing  the  immunogenicity  of  NMs  also  has  equal  importance  to  avoid  safety 
concerns  (Kreitinger  et  al.,  2016).  The  knowledge  of  immune  reactions  with  therapeutic 
and  diagnostic  NMs  not  explored  that  much  which  will  ensure  their  safety  after  repeated 
systemic  administration.  Hence,  there  is  a  need  to  explore  additional  understanding  about 
NMs,  which  can  result  in  avoidance  of  adverse  reactions  (Dusinska  et  al.,  2017). 

There  are  some  reports  that  showed  accelerated  blood  clearance  after  conducting 
in  vivo  experiments  for  various  kinds  of  NMs  due  to  the  trigger  of  immune  response 
mechanism  and  Immunoglobulin  M  (IgM)  antibody  induction  (Li  et  al.,  2012a).  The  accel¬ 
erated  blood  clearance  (ABC)  of  subsequently  administered  doses  was  observed  due  to 
activation  of  the  immune  system  and  enhanced  capture  by  the  liver  and  spleen.  The  rapid 
clearance  of  NMs  was  dependent  on  the  nature  of  the  payload  of  NMs,  the  administered 
dose,  and  other  physicochemical  characteristics  of  NMs.  The  loading  of  cytotoxic  com¬ 
pounds  in  NMs  seems  to  highly  diminish  the  ABC  effect,  which  may  be  because  of  the 
toxic  effect  of  the  cytotoxic  drug  on  the  B  cells,  which  play  a  vital  role  in  the  secretion  of 
IgM  (Yang  et  al.,  2013).  There  are  a  few  examples  of  NMs  that  have  already  been  mar¬ 
keted,  which  may  induce  or  precipitate  the  allergic  or  hypersensitivity  reaction  (Mocan 
et  al.,  2016).  For  example,  infusion  of  therapeutic  liposomal  formulation  Doxil,  and  another 
amphiphilic  lipid,  Cremophor  EL,  are  inducers  of  a  hypersensitivity  syndrome  called  com¬ 
plement  activation-related  pseudoallergy  (CARPA).  The  activation  of  the  complement  (C) 
system  promotes  the  development  of  CARPA  syndrome.  The  activation  of  the  complement 
system  also  may  cause  cardiopulmonary  distress.  (Szebeni,  2005). 

Moghimi  et  al.  have  observed  CARPA  syndrome  against  liposomes  prepared  using 
anionic  phospholipid-PEG  conjugates,  and  occurrence  of  the  syndrome  may  be  due  to  the 
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electrostatic  interaction  between  cationic  and  anionic  regions  of  the  lipid-PEG  conjugate 

(Moghimi  et  al.,  2006). 

Different  methods  have  tried  to  circumvent  this  obstacle.  The  activation  of  the  comple¬ 
ment  system  can  be  inhibited  by  removal  of  the  negative  charge  of  lipid-PEG  conjugates 
by  methylation  process.  The  neutral  lipo-polymers  also  can  be  used  due  to  their  weak 
complement  system  activation  properties  (Zhang  et  al.,  2012). 

9. 6. 1.3  Implementing  Beneficial  Aspects  of  Protein-Binding 

Interactions  of  NMs  with  proteins  are  not  always  associated  with  the  deleterious  effect. 
These  interactions  can  also  navigate  the  tissue  distribution  of  NPs,  for  example,  NM  can 
be  decorated  with  target  proteins  before  the  injection  to  target  specific  tissue.  Moreover, 
during  clinical  studies,  it  has  been  observed  that  albumin-coated  paclitaxel  (nab-PTX, 
Abraxane)  showed  superior  rate  response  in  cancer  patients.  However,  the  response  rates 
were  dependent  on  the  expression  level  of  extra-tumoral  protein,  SPARC  (secreted  protein 
acidic  and  rich  in  cysteine).  The  overexpression  of  SPARC  is  greatly  linked  with  enhanced 
tumor  invasion  and  metastasis  in  many  types  of  tumors  including  breast,  prostate,  head, 
and  neck  cancers  (Yardley,  2013). 

Desai  et  al.  carried  out  retrospective  analysis  of  60  head  and  neck  cancer  patients  who 
underwent  nab-PTX  monotherapy  and  studied  the  correlation  between  the  clinical 
response  rate  and  expression  of  SPARC  in  tumor  tissues.  From  this  study,  they  found  that 
SPARC-positive  patients  showed  a  higher  response  rate  (83%)  to  nab-PTX  therapy.  In  con¬ 
trast,  SPARC-negative  patients  showed  a  lower  response  (25%).  A  possible  reason  behind 
such  diverse  phenomena  between  the  two  groups  may  be  due  to  interactions  between 
SPARC  and  albumin  and  in  the  tumor  interstitium  (Desai  et  al.,  2009). 


9*7  INTERACTION  OF  NANOMATERIALS  WITH  BBB 

The  conjugation  of  some  ligands  to  NPs  that  enhances  their  permeation  through  the 
blood— brain  barrier  (BBB)  is  markedly  investigated  for  effective  brain  drug  delivery 

(Zhou  et  al.,  2017;  Kumar  et  al.,  2018). 

Depending  upon  the  mechanism,  these  ligands  can  be  classified  into  four  different 
groups:  (1)  ligands  that  increase  blood  circulation  time,  for  example,  PEG;  (2)  ligands  that 
directly  interact  with  receptor  or  transporter  systems,  for  example,  transferrin  protein  or 
peptide  with  transferrin  receptor;  (3)  ligands  that  promote  the  direct  interaction  of 
adsorbed  proteins  from  the  bloodstream  with  BBB  receptors  or  transporters,  for  example. 
Tween  80  can  be  used  as  a  medium  for  adsorption  of  apolipoproteins  promoting  the  inter¬ 
action  with  lipoprotein  receptors  that  are  overexpressed  on  brain  endothelium  leading  to 
enhanced  BBB  permeation;  (4)  ligands  that  increase  the  surface  charge  and  hydrophobic 
nature  of  NPs  (Saraiva  et  al.,  2016). 

Yang,  Licong,  et  al.  prepared  a  gold  nanoparticle-coated  mesoporous  silica  (MSN- 
AuNPs),  H202  responsive  controlled  release  system  for  clioquinol  (metal  chelating  agent) 
delivery  to  inhibit  metal  induced  amyloid  (3  peptides  (A(3)  aggregation  as  well  as  to  block 
the  generation  of  ROS  in  Alzheimer's  disease  (Yang  et  al.,  2016).  This  NP  system  was  able 
to  cross  the  BBB  owing  to  the  BBB  permeability  limitations  of  clioquinol.  To  investigate 
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FIGURE  9.3  Cellular  uptake 
by  bEnd  3  cells  (0.5  mg/mL). 
Images  of  Rhodamine,  MSN- 
Rhodamine  B,  and  MSN- 
Rhodamine  B-AuNPs  captured 
for  24  hrs.  Images  were  obtained 
by  use  of  confocal  laser  scanning 
microscope  (CLSM).  Source: 
Adapted  with  permission  from  Yang, 
C.J.,  Chithrani,  D.B.,  2016.  Nuclear 
targeting  of  gold  nanoparticles  for 
improved  therapeutics.  Curr.  Top. 
Med.  Chem.,  16(3),  271-280. 


the  permeability  of  the  NP  system  across  BBB,  they  conducted  in  vitro  experiments  using 
bEnd.3  cell  line,  and  they  observed  that  permeation  was  time-  and  concentration- 
dependent  (Fig.  9.3). 


9*8  INTERACTION  OF  NANOMATERIALS  WITH  MACROPHAGES 


The  RES  is  primarily  responsible  for  clearance  of  NPs  from  the  biological  system,  which 
leads  to  the  attainment  of  the  subtherapeutic  concentration  of  therapeutic  agent  at  the  tar¬ 
get  tissue.  Macrophages  are  one  of  the  main  components  of  RES.  Hence,  it  is  essential  to 
study  the  interaction  between  NMs  with  macrophages  to  prevent  or  reduce  their  clearance 
from  the  biological  system  (Leroy  et  al.,  2011).  Otherwise,  these  interactions  between  NMs 
and  macrophages  can  decrease  the  efficacy  of  nanotherapeutics.  (Sanchez  et  al.,  2017; 
Vonarbourg  et  al.,  2006;  Moeendarbari  et  al.,  2016). 

To  overcome  the  problem  associated  with  PEGylation,  several  studies  have  been  carried 
out  to  resist  the  NP  clearance.  Mantovani  et  al.  prepared  N-maleimide-functionalized 
polymers  (alternative  polymer  to  PEG),  but  this  polymer  showed  a  steric  hindrance  and 
ultimately  resulted  in  low  yield.  This  polymer  also  observed  difficulty  in  purification.  The 
polymer  was  synthesized  using  two  macromolecules,  in  which  firstly  both  macromole¬ 
cules  were  prepared  separately  and  then  the  attachment  of  two  macromolecules  was 
carried  out  to  form  a  single  polymer.  (Mantovani  et  al.,  2005).  Estephan  and  colleagues 
used  another  zwitterionic  approach  (alternative  to  PEGylation).  The  zwitterionic  approach 
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FIGURE  9.4  (A)  Z  stack  that  represents  the  cellular  uptake  of  NPs  in  a  coculture  system  of  Ml  and  M2  cells. 

Red  arrows:  NPs  (green)  looks  near  colocalization  (yellow)  with  Ml  cells  (red),  providing  the  evidence  for  Ml 
sequestration  of  NPs.  Yellow  arrows:  unlabeled  M2  phenotype  cells  that  avoid  NP  uptake.  (B)  Dyes  were 
separated  out  for  further  clarification  and  proper  visualization.  (I)  NP  label,  (II)  Ml  macrophage  label,  (III) 
colocalization  of  Ml  and  NP  label  without  DIC,  (IV)  DIC  and  colocalization.  Source:  Adapted  with  permission  from 
Herd ,  H.L.,  Bartlett ,  K.T.,  Gustafson ,  /.A,  McGill ,  L.D.,  Ghandehari,  H.,  2015.  Macrophage  silica  nanoparticle  response  is 
phenotypically  dependent.  Biomaterials ,  53,  574—582. 


was  able  to  eliminate  the  PEG  effect  of  steric  hindrance  to  the  nanoparticle.  However,  in 
this  study,  they  did  not  show  any  in  vitro  cell  line  activity  against  cancer  (Estephan 
et  al.,  2011). 

Herd  et  al.  studied  the  macrophage  polarization  effect  on  the  NP  uptake,  and  they 
found  that  Ml  phenotype  macrophages  showed  higher  uptake  in  isolated  culture  system 
as  compared  with  M2  phenotype  and  unpolarized  macrophages  (Herd  et  al.,  2015). 
However,  they  cultured  both  Ml  and  M2  phenotype  together  to  mimic  the  in  vivo  system, 
and  they  found  that  Ml  macrophages  showed  higher  NP  accumulation  than  M2  macro¬ 
phages  (Fig.  9.4). 

Rattan  et  al.  studied  the  acetylation  effect  on  NM  clearance,  and  they  obtained  the 
result  that  acetylation  was  able  to  reduce  RES  clearance  similar  to  PEGylation.  Apart 
from  this,  acetylated  dendrimer  was  found  to  have  similar  tumor-specific  targeting  as 
compared  with  PEGylated  dendrimer.  The  reason  they  discussed  this  phenomenon 
is  because  acetylation  was  able  to  neutralize  the  positively  charged  surface  of  the 
dendrimer  and  to  reduce  electrostatic  interactions  between  plasma  proteins  and  cell 
membranes.  They  also  demonstrated  RES  clearance  of  positively  charged  dendrimer  to 
support  the  acetylation  effect,  and  they  found  that  positively  charged  dendrimers 
showed  more  RES  clearance  as  compared  with  the  acetylated  dendrimers  (Rattan  et  al., 
2017;  Tekade  et  al.,  2008). 
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9.9  INTERACTION  OF  NANOMATERIALS  WITH  PROTEIN  CORONA 

Proteins  are  polypeptide  structures  with  defined  conformation,  which  carry  net  surface 
charge  depending  upon  the  pH  of  their  surrounding  medium.  Different  forces  like  hydro¬ 
gen  bonds,  solvation  forces,  and  van  der  Waals  interactions  are  involved  in  NM— proteins 
interactions.  (Konduru  et  al.,  2017;  Saptarshi  et  al.,  2013).  The  overall  NP— protein  corona 
(NP-PC)  formation  is  not  a  unifactorial  process;  it  involves  many  factors  that  depend  on  the 
characteristics  of  the  NP,  interacting  proteins,  and  surrounding  medium  (Piella  et  al.,  2016). 
The  longevity  of  protein— NP  interaction  depends  upon  associative  and  dissociative  rates 
for  every  protein.  The  protein  corona  is  categorized  into  two  types  depending  upon  binding 
of  proteins  to  NPs,  that  is,  soft  corona  and  hard  corona.  The  quick  and  reversible  binding  of 
proteins  is  called  the  soft  corona,  whereas  irreversible  binding  of  proteins  on  the  NP  surface 
leads  to  the  formation  of  hard  corona  (Saptarshi  et  al.,  2013;  Rahman  et  al.,  2013). 

Human  plasma  is  comprised  of  different  proteins  like  albumin,  antibodies,  fibrinogen, 
and  apolipoproteins.  The  dynamic  nature  of  blood  protein  adsorption  on  foreign  inorganic 
surfaces  was  observed  depending  upon  concentration.  The  proteins  like  albumin  and 
fibrinogen  firstly  bind  with  the  NPs'  surface  due  to  their  high  abundance,  and  then  other 
proteins  bind  sequentially  according  to  their  high  binding  affinity  by  replacement  of  high- 
affinity  proteins.  The  Vroman  theory  defines  such  type  of  sequential  binding  of  plasma 
proteins  on  nanosurfaces  (Treuel  and  Nienhaus,  2013).  Hellstrand  et  al.  studied  the 
sequential  binding  pattern  of  plasma  protein,  and  they  observed  the  presence  of  high- 
density  lipoproteins  in  the  protein  corona  on  polystyrene  NPs  (Hellstrand  et  al.,  2009). 

Martinez  et  al.  studied  the  surface  effect  of  NPs  and  their  protein  adsorption.  They 
used  mesoporous  silica  (SB A  15)  with  different  degree  of  surface  functionalization  and  car¬ 
bonization  (SBA  15/Cl,  SBA  15/C2,  SBA  15/C3).  They  found  that  carbonization  of  meso¬ 
porous  silica  results  in  the  formation  of  a  hydrophobic  surface  by  reduction  of 
hydrophilicity,  and  hence  showed  minimal  protein  adsorption  to  the  surface  as  compared 
with  pristine  SBA-15  (Martinez  et  al.,  2017).  (Fig.  9.5). 

Ge  et  al.  studied  the  plasma  protein  binding  pattern  for  SWNT,  and  they  observed 
fibrinogen,  immunoglobulin,  transferrin,  and  albumin  were  binding  to  SWNT  in  a  sequen¬ 
tial  binding  pattern  (Ge  et  al.,  2011).  Sund  and  coworkers  studied  the  replacement  pattern 
of  albumin  by  other  types  of  cell  lysate  proteins.  However,  the  plasma  protein  binding  pat¬ 
tern  will  not  be  same  for  all  types  of  NMs  (Sund  et  al.,  2011).  In  regards  to  small  superpar- 
amagnetic  iron  oxide  nanoparticles  (SPIONs),  it  was  observed  that  they  do  not  follow  the 
Vroman  theory  when  they  come  in  contact  with  plasma  proteins  (Jansch  et  al.,  2012). 


9.10  INTERACTION  OF  NANOMATERIALS  WITH  DNA 
AND  OTHER  NUCLEAR  MATERIALS 


The  toxicity  produced  by  NPs  on  intracellular  structures  depends  upon  their  nature. 
Primary  NPs  enter  into  biological  cells,  and  then  after  that,  they  exert  their  toxic  effect  on 
intracellular  organelles  or  components  such  as  DNA  and  RNA  (Akbarzadeh  et  al.,  2013). 
They  produce  genotoxicity  via  direct  binding  to  intracellular  components  or  oxidative 
stress  (Karlsson  et  al.,  2014). 
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FIGURE  9.5  Extraction  of  hard  corona  plasma  proteins  from  the  mesoporous  silica  samples  (SBA-15  and 
SBA-15/C)  by  using  SDS-PAGE  gel  (15%).  Before  that,  samples  were  incubated  for  60  min  in  55%  plasma  con¬ 
taining  0.15  mol/L  of  NaCl  at  room  temperature,  under  horizontal  mixer  (14  rpm).  Source:  Adapted  with  permission 
from  Martinez,  D.S.,  Damasceno,  J.P.V.,  Franqui,  L.S.,  Bettini,  /.,  Mazali,  I.O.,  Strauss,  M.,  2017.  Structural  aspects  of  gra¬ 
phitic  carbon  modified  SBA-15  mesoporous  silica  and  biological  interactions  with  red  blood  cells  and  plasma  proteins.  Mater. 
Sci.  Eng.  C,  78, 141-150. 

It  has  also  been  reported  that  QDs  also  bind  to  DNA  and  change  the  normal  conforma¬ 
tion  and  local  electrical  properties  of  DNA  molecules  (Akbarzadeh  et  al.,  2013).  A  recent 
study  also  suggested  that  NPs  binds  to  DNA  and  promote  the  local  denaturation  and  cause 
DNA  compaction.  This  type  of  change  adversely  affects  genetic  functions  such  as  DNA 
transcription,  replication,  and  repair  mechanism.  Binding  of  NPs  with  DNA  at  a  high  level 
of  affinity  may  alter  the  functions  of  DNA  polymerase  and  RNA  polymerase,  which  could 
alter  the  genetic  functions  of  DNA  through  competitive  inhibition  (Gu  et  al.,  2009). 

Kungang  et  al.  used  predictive  Derjaguin— Landau— Verwey—Overbeek  (DLVO)  model 
for  determination  of  interaction  energy  of  12  kinds  of  NPs  with  DNA.  Moreover,  they  cor¬ 
related  the  prediction  model  result  with  results  obtained  by  using  atomic  force  microscopy 
(AFM).  They  employed  polymerase  chain  reaction  (PCR)  to  investigate  the  DNA  replica¬ 
tion  and  effect  of  NPs  on  it.  They  found  that  higher  affinity  showed  higher  DNA  replica¬ 
tion  inhibition  (Fig.  9.6)  (Li  et  al.,  2013). 

A  computational  study  reports  states  that  C60  NPs  could  affect  the  biological  functions 
as  well  as  confirmation  of  DNA  with  high  affinity  and  binding  (Albanese  et  al.,  2012); 
whereas,  functionalized  gold  NPs  completely  inhibit  the  function  of  DNA  transcription 
during  in  vitro  results  via  electrostatic  interaction  between  DNA  and  NPs  (Park  and 

Hamad-Schifferli,  2010). 

The  cell  signaling  process  also  may  be  affected  due  to  the  interaction  of  DNA  with  NPs. 
Hence,  to  prevent  toxicity  associated  with  NPs  and  their  interactions  with  DNA  and  other 
nuclear  materials,  there  is  a  prompt  need  for  understanding  the  whole  interaction  between 
NPs  and  the  DNA  molecule. 
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FIGURE  9.6  AFM  images  of  DNA  molecules  obtained  after  exposure  to  different  NPs.  (A)  QDs  (+),  (B)  sil¬ 
ver  NPs  (AgNPs),  (C)  hematite  NPs,  (D)  gold  NPs  (citrate),  (E)  Ce02  NPs,  (F)  ZnO  NPs,  (G)  Ti02  NPs,  (H)  Si02 
NPs,  (I)  silicon  NPs,  (J)  QDs  (-),  (K)  gold  NPs  (COOH),  and  (L)  latex  beads.  The  black  arrows  in  (A)— (G)  repre¬ 
sent  binding  sites  of  NPs  on  DNA  molecules.  Other  NPs,  that  is,  Si02  NPs,  silicon  NPs,  QDs  (-),  gold  NPs 
(COOH),  and  latex  beads  (H— L)  did  not  show  binding  with  DNA  molecules.  Source:  Adapted  with  permission  from 
Li ,  K.,  Zhao ,  X.,  B.K.  Hammer ,  Du ,  S.,  Chen,  Y.,  2013.  Nanoparticles  inhibit  DNA  replication  by  binding  to  DNA:  model¬ 
ing  and  experimental  validation.  ACS  Nano ,  7(11),  9664—9674. 


9*11  INTERACTION  OF  NANOMATERIALS  WITH 
CELLULAR  ORGANELLES 


9.11*1  Mitochondria 

The  mitochondrion  is  an  essential  cellular  organelle  responsible  for  the  production  of 
energy,  storage  of  energy,  and  supply  of  energy.  Hence,  it  also  called  the  powerhouse  of 
the  cell.  Structurally,  mitochondria  are  double-membrane  cylindrical  structures  having  a 
diameter  of  about  0.5—1  m.  The  outer  membrane  and  inner  membrane  are  quite  different 
from  each  other.  The  outer  membrane  has  an  unfolded  structure  with  a  smooth  surface; 
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whereas,  the  inner  membrane  possesses  infoldings  that  are  directed  towards  the  mitochon¬ 
drial  matrix  (Murphy  et  al.,  2016).  Interaction  of  NMs  with  mitochondria  may  disturb  the 
energy  functions  of  normal  cells.  To  avoid  these  consequences,  it  is  necessary  to  under¬ 
stand  and  evaluate  the  interactions  of  NMs  with  mitochondria.  Sometimes,  NMs  are  spe¬ 
cifically  targeted  to  produce  a  therapeutic  effect,  for  example,  during  cancer  treatment,  at 
which  time  it  is  essential  to  know  whether  they  have  a  strong  affinity  towards  the  mito¬ 
chondrion  (Bressan  et  al.,  2013). 

Karata§  et  al.  studied  the  affinity  of  gold  nanoparticles  (AuNP)  towards  the  mitochon¬ 
drial  membrane.  In  that  case,  they  observed  positive  interactions  effect  of  AuNPs  with 
mitochondrial  membrane.  They  obtained  AFM  and  TEM  images  after  AuNP  treatment  to 
conclude  the  interaction  between  mitochondrial  membrane  and  NMs.  The  concentration  of 
AuNPs  in  the  mitochondrion  region  was  observed  to  be  quite  higher,  which  shows  that 
AuNPs  were  interacting  with  mitochondria.  The  interaction  between  mitochondrial  mem¬ 
brane  and  AuNPs  was  governed  by  surface  charge  present  on  both  of  the  mitochondrial 
membrane  and  AuNPs  (Karata§  et  al.,  2009). 

Sean  and  coworkers  demonstrated  the  particle  size  and  surface  charge  based  uptake 
phenomenon  NPs  by  mitochondria  (Fig.  9.7).  They  used  targeted  and  nontargeted  PLGA 
NPs  based  systems  and  observed  the  effect  on  HeLa  cells,  and  they  found  that  targeted 
NPs  (PLGA-b-PEG-TPP/PLGA-b-PEG-QD,  size  79  nm,  zeta  potential  27.4  mV)  showed 
higher  uptake  by  mitochondria  as  compared  with  nontargeted  NPs  (PLGA-b-PEG-OH/ 
PLGA-b-PEG-QD,  size  79  nm,  zeta  potential,  26.5  mV)  (Fig.  9.7)  (Marrache  and  Dhar, 
2012). 

Theodossiou  et  al.  demonstrated  lipophilic  decyl-TPP  coated  poly  (ethylene  imine) 
(PEI-TPP)  highly  branched  polymer  nanoassembly  having  a  diameter  of  ~100  nm  to 
deliver  doxorubicin  (DOX)  to  the  mitochondria.  They  studied  the  mitochondrial  localiza¬ 
tion  of  that  formulation  using  human  prostate  carcinoma  DU145  cells.  From  this  study, 
they  observed  that  nanoformulation  was  effectively  able  to  localize  in  the  mitochondrial 
region  (Theodossiou  et  al.,  2013). 


9*11*2  Golgi  Apparatus 

The  role  of  endoplasmic  reticulum  (ER)  and  Golgi  apparatus  (GA)  is  associated  with 
calcium  homeostasis,  membrane  and  secretory  protein  folding,  and  biosynthesis  of  lipids 
(Bravo  et  al.,  2013).  The  various  NMs  are  targeted  towards  the  GA,  but  their  accumulation 
at  specific  sites  varied  due  to  many  obstacles.  The  PLGA  NPs  with  the  size  of  95  nm  ±  20 
were  observed  to  be  predominantly  accumulated  in  the  GA  during  in  vitro  experiment. 
The  results  were  obtained  by  using  human  bronchial  epithelial  (HBE)  and  opossum  kid¬ 
ney  (OK)  renal  tubule  cells  through  immunofluorescence  compartments  labeling.  The 
authors  reported  that  PLGA  NPs  were  preferentially  accumulated  in  GA  and  then  in  the 
late  endosome  or  lysosomes.  The  concentration  of  NPs  was  observed  to  be  higher  in  GA 
as  compared  with  lysosomes.  They  discussed  the  reason  behind  such  GA  internalization 
phenomenon,  and  they  found  that  albumin  present  in  the  culture  was  responsible  for 
coating  of  PLGA  NPs,  which  led  to  receptor-mediated  cellular  internalization  (Cartiera 
et  al.,  2009). 
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FIGURE  9.7  Localization  of  red  fluorescent-targeted-PLGA-b-PEG-TPP/PLGA-b-PEG-OH/PLGA-b-PEG- 
QD  blended  NPs  at  the  subcellular  level.  HeLa  cells  were  exposed  to  both  targeted  NPs  (diameter,  79  nm;  zeta 
potential,  27.4  mV)  and  nontargeted  NPs  (diameter,  79  nm;  zeta  potential,  -26.5  mV)  at  10  [iM  or  left  untreated  for  4 
hrs.  Then,  cells  were  stained  with  mitochondrial  marker  MitoTracker  Green,  fixed,  and  observed  under  wide-field 
fluorescence  microscope.  The  merged  images  and  higher  magnification  images  of  mitochondrial  staining  (green)  tar¬ 
geted  NPs  (red)  showed  effective  overlap.  However,  nontargeted  NPs  did  not  show  such  significant  overlapping 
with  mitochondrial  staining.  Source:  Adapted  with  permission  from  Marrache,  S.,  Dhar,  S.,  2012.  Engineering  of  blended 
nanoparticle  platform  for  delivery  of  mitochondria-acting  therapeutics.  Proc.  Natl.  Acad.  Sci.,  109(40),  16288—16293. 


9*11*3  Cytoplasm 

A  number  of  biological  processes  take  place  in  the  cytoplasm  such  as  cell  signaling, 
metabolic  processes,  and  pathogenic  processes,  and  these  processes  could  be  effective  ther¬ 
apeutic  targets  for  many  diseases  (Zechner  et  al.,  2017).  The  main  route  of  accessibility  of 
nanomedicines  to  the  cytoplasm  is  the  endosome.  In  another  way,  cell  penetrating  pep¬ 
tides  (CPP)  can  enter  directly  into  the  cytoplasm  through  transverse  of  the  cell  membrane. 
Conjugation  of  CPP  with  cargo  can  affect  its  penetration  ability  through  the  plasma  mem¬ 
brane.  CPPs  like  Azurin  against  solid  tumors  (Chakrabarty,  2016)  and  XG-102  for  c-Jun-N- 
terminal  kinases  (Liu  et  al.,  2010)  targeting  are  under  phase  I  and  phase  II  clinical  trials 
respectively.  Administration  of  CPP  (iRGD)  along  with  cancer  therapeutics  such  as  DOX, 
nab-paclitaxel,  DOX  liposomes,  and  trastuzumab  through  systemic  injection  showed 
enhancement  in  therapeutic  efficacy.  The  underlying  mechanism  is  based  on  the  overex¬ 
pression  of  av  integrins  on  tumor  vascular  endothelium  to  which  iRGD  binds  and 
enhances  the  vascular  permeability  (Sugahara  et  al.,  2010). 


9.11*4  Others 

The  nucleus  is  a  double  lipid  bilayer  wrapped  organelle  that  acts  as  a  host  for  several 
therapeutic  targets  like  many  proteins,  nuclear  receptors,  and  DNA  for  treatment  of 
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different  types  of  diseases.  A  DNA  target  is  widely  used  in  the  field  of  gene  therapy.  For 
nuclear  targets,  the  NP  approach  is  extensively  used  for  effective  accumulation  of  the  ther¬ 
apeutic  agent  at  the  target  site.  In  the  NP  targeting  approach,  the  therapeutic  molecules 
initially  get  released  into  the  cytosol  after  internalization  of  NPs  by  the  cell,  followed  by 
entry  into  the  nucleus  (Yang  and  Chithrani,  2016). 

In  one  experiment,  polyplexes  were  prepared  using  copolymers  of  N-(2-hydroxypropyl) 
methacrylamide  (HPMA)  and  methacrylamide  monomers  with  pendant  L-lysine  unit 
based  peptide  groups,  and  they  used  various  numbers  of  L-lysine  repeat  units.  The  poly¬ 
mer  with  10  repeated  units  of  L-lysine  showed  enhanced  nuclear  accumulation  due  to 
smaller  aspect  ratio  (width  ~  25  nm  and  length  ~  74  nm)  interaction  with  plasmid  DNA  as 
compared  with  a  polymer  with  15  repeated  L-lysine  units  (aspect  ratio  width  ~18  nm  and 
length  ~102nm).  They  also  reported  that  high  aspect  ratio  delays  the  nuclear  delivery 
because  of  higher  localization  into  the  endosomes  and  lysosomes,  and  poor  nuclear  inter¬ 
nalization  (Shi  et  al.,  2013). 


9*12  WHAT  LEVEL  OF  UNDERSTANDING  HAS  BEEN  REACHED 
WITH  REGARD  TO  NANOPARTICLE  INTERACTIONS? 


Designing  of  thoroughly  uniform  colloidal  NP  systems  is  a  challenging  task.  The  NPs 
are  prepared  from  organic  or  inorganic  material  by  tuning  their  material  properties  for  tar¬ 
geted  drug  delivery  applications,  diagnostics,  or  as  a  therapeutic  tool.  Before  NPs  can  be 
applied  in  the  biological  field,  it  is  essential  to  understand  their  interactions  with  biological 
molecules.  This  is  because  the  NPs  used  for  the  diagnostic  or  therapeutic  purposes  should 
not  be  adversely  affected  by  the  normal  biological  system  at  the  cellular  or  molecular  level 
(Sapsford  et  al.,  2013). 

For  example,  the  plasma  membrane  performs  many  vital  functions  apart  from  protec¬ 
tive  functions,  such  as  ion  exchange  across  the  membrane  and  protein  building,  and  is 
involved  in  the  interaction  of  lipids  or  other  important  signaling  molecules  and  surround¬ 
ing  environment  as  well  as  connected /adjacent  cells.  It  also  helps  in  the  selective  transport 
of  material  across  the  membrane  in  two-way  directions.  The  number  of  ion  channels  and 
carrier  proteins  present  within  the  membrane  structure  help  in  NP  uptake  and  transport. 
Many  research  studies  are  ongoing  to  observe  the  effects  of  NPs  on  complex  biological  sys¬ 
tems,  which  will  reduce  off-target  effects  and  enhance  the  NP  drug  delivery.  For  effective 
delivery  of  NPs  across  the  biological  membrane,  it  is  necessary  to  study  the  characteristics 
and  composition  of  the  biological  membrane  apart  from  NP  properties  alone.  Besides 
this,  there  must  also  be  a  focus  on  interactions  of  NPs  with  protein  corona  present  in  the 
biological  system  (Adjei  et  al.,  2014). 

The  understanding  of  how  NPs  disperse  in  a  biological  system  as  well  as  knowledge  of 
their  nano— bio  interaction  mechanism  with  complex  mixtures  of  biomolecules  is  critical. 
This  is  a  very  complex  dynamic  process  that  depends  on  composition  and  concentration 
of  biomolecules  and  NPs'  properties  such  as  particle  size,  zeta  potential,  shape,  etc.  (Wu 

et  al.,  2015b). 
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9.13  POLICY  DILEMMA:  SMALL  PARTICLES,  UNKNOWN 
RISKS— DO  WE  NEED  MORE  LAW? 


Nanomedicine  is  an  emerging  field  that  is  proving  its  potential  benefits  over  the  con¬ 
ventional  therapies.  However,  it  is  complex,  and  there  is  a  lack  of  many  regulatory  guide¬ 
lines,  which  are  needed  to  avoid  nanosafety  concerns.  This  has  drastically  increased  the 
number  of  studies  on  nanosafety  in  the  reported  literature  from  5000  articles /year  to 
60,000  in  the  period  2015—18,  with  better-expected  effect.  However,  no  such  study  has 
been  done  by  any  scientist  who  states  conclusively  that  their  study  answers  the  majority 
of  these  questions,  despite  powerful  empirical  support. 

The  understanding  of  risk  and  managing  the  data  lead  to  the  conclusion  that  in  a 
small  number  of  cases,  the  interactions  of  NMs  with  biomolecules  may  be  different  in 
character,  and  thus  a  few  consumer  items  may  produce  concern.  There  should  be 
research  carried  out  on  new  biomaterials,  and  also,  they  should  be  classified  in  different 
categories  according  to  their  risk  and  safety  concern.  Techniques  for  categorizing  groups 
of  NMs  according  to  their  risk  and  control  banding  creates  a  good  scientific  standpoint 
but  does  not  bring  any  decision-makers  close  to  the  underlying  questions  targeted  with 
prescience  by  the  Royal  Commission  on  Environmental  Pollution  in  2008.  Therefore,  it  is 
essential  that  our  regulatory  (legal)  frameworks  should  allow  space  for  innovation  and 
exploitation  of  nanomedicine,  with  that  a  small  minority  of  cases  concerning  nanomedi¬ 
cine  that  are  harmful  or  dangerous  are  detected  and  managed  in  the  appropriate  way 
(Oberdorster,  2010). 


9.14  CONCLUSION 


Nanotechnology  holds  great  potential  in  many  different  applications,  ranging  from 
industrial  devices,  sensor  and  microchip  technology,  consumer  products,  food  additives 
and  food  packaging  and  biomedical  devices,  diagnostics  and  therapeutics.  The  appropriate 
design  and  engineering  of  particle  surface  functionalities  is  the  key  to  controlling  the  cellu¬ 
lar  and  subcellular  transport  of  NPs  as  well  as  their  biodistribution.  Understanding  how 
NPs  interact  with  (complex)  biological  systems  is  paramount  to  ensure  their  safe  use  asso¬ 
ciated  with  the  environment  and  human  health.  Moreover,  for  biomedical  applications,  it 
is  necessary  to  understand  the  particle  interactions  with  the  biological  machinery  to  opti¬ 
mize  their  design  and  efficacy. 

One  of  the  ways  forward  certainly  includes  modeling  and  system  biology  approaches 
to  predict  bio— nano  interactions  and  biological  outcomes  and  develop  a  paradigm  of  NPs 
"safer  by  design."  By  combining  the  knowledge  on  the  molecular  mechanisms  responsible 
for  many  diseases,  with  the  opportunities  offered  by  the  tunability  of  the  surface  of  NMs 
and  the  knowledge  on  their  interactions  with  target  cells,  we  are  aiming  to  exploit  the  cell 
machinery  to  carry  diagnostic,  therapeutic,  or  theranostic  NPs  to  the  desired  subcellular 
compartments  and  thus  achieve  successful  targeting,  maximized  efficacy,  and  minimal 
side  effects  for  the  future  patient. 
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Abbreviations 

AFM  atomic  force  microscopy 

AuNPs  gold  nanoparticles 

BBB  blood— brain  barrier 

CNT  carbon  nanotube 

CPP  cell  penetrating  peptide 

EPR  enhanced  permeability  and  retention 

ER  endoplasmic  reticulum 

GA  golgi  apparatus 

GUV  giant  unilamellar  vesicle 

LUV  large  unilamellar  vesicle 

MDC  monodansylcadaverine 

MLV  multilamellar  vesicle 

MPS  mononuclear  phagocytic  system 

MSN  mesoporous  silica  nanoparticle 

NM  nanomaterial 

NP  nanoparticle 

PCR  polymerase  chain  reaction 

PEG  poly  (ethylene  glycol) 

QD  quantum  dot 

RES  reticuloendothelial  system 

ROS  Reactive  oxygen  species 

SPION  superparamagnetic  iron  oxide  nanoparticle 

SPR  surface  plasma  resonance 

SUV  small  unilamellar  vesicle 

TEM  transmission  electron  microscopy 
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10 ,1  NANOPARTICLES  IN  PHARMACEUTICALS 

The  implication  of  nanotechnology,  which  deals  with  nanoparticles  ranging  in  size  from  1 
to  1000  nm,  in  pharmaceuticals  and  more  specifically  drug  delivery  is  set  to  continue  to 
spread  rapidly  and  gain  worldwide  attention.  The  most  important  use  of  nanoparticles 
in  pharmaceutical  sciences  is  to  reduce  toxicity  and  side  effects  of  drugs,  however, 
carrier  systems  themselves  may  impose  risks  to  the  patient,  such  as  toxicity.  Moreover,  devel¬ 
opment  of  nanoparticles  is  one  of  the  demanding  areas  of  nanotechnology  research  and  has 
been  continually  investigated  for  pharmaceutical  application  in  the  diagnosis,  prevention, 
mitigation,  and  treatment  of  various  diseases  (Hughes,  2017).  Nanoparticles  in  pharmaceuti¬ 
cal  sciences  have  been  utilized  with  the  purposes  of  decreasing  toxicity  and  minimizing 
adverse  effects  of  drug  molecules  by  targeting  to  the  specific  site  of  action,  reducing  their 
dose  through  amended  pharmacokinetics,  decreasing  dosing  regularity  by  controlling  drug 
release,  and  enhancing  shelf  life  by  improving  stability.  This  eventually  subsidizes  to  aug¬ 
mented  safety,  efficacy,  patient  compliance,  and  prolonged  shelf  life  of  the  drug,  and  poten¬ 
tially  abridged  healthcare  costs  (Onoue  et  al.,  2014;  Maheshwari  et  al.,  2018b). 

Considering  the  fact  that  most  nanoformulations  developed  or  under  development  in 
research  laboratories  are  meant  for  intravenous  injection,  the  understanding  of  their  char¬ 
acteristics  is  very  important.  In  this  regard,  it  is  important  to  highlight  that  parenteral  for¬ 
mulations  must  be  aseptically  prepared  and  may  need  to  be  filtered  and  terminally 
sterilized  to  minimize  the  presence  of  particulate  matter  and  to  avoid  side  effects  due  to 
bacterial  endotoxins  (Moondra  et  al.,  2018). 

Owing  to  a  smaller  size  and  enormous  surface  area,  crystalline  nanoparticles  show 
intensification  in  dissolution  and  solubility  and  hence  elicit  superior  bioavailability. 
Improved  targeting,  enhanced  bioavailability,  and  protection  from  different  endogenous 
degradative  enzymes  are  the  other  advantages  of  using  nanoparticles  in  drug  delivery  sci¬ 
ence  (Shilo  et  al.,  2015).  The  existing  drugs  can  be  formulated  in  a  new  drug  delivery  sys¬ 
tem  that  gives  better  therapeutic  and  target-specific  effects  than  existing  ones.  Patients 
may  also  accept  new  drug  delivery  systems  more  willingly  as  they  may  decrease  the  dos¬ 
ing  frequency  with  improved  pharmacokinetics,  controlled  release,  and  effectiveness.  In 
addition,  some  of  the  formulations  intended  for  oral  administration  were  found  very  effec¬ 
tive  in  vitro  but  then  were  found  ineffective  when  tested  in  vivo,  mainly  due  to  enzymes 
present  in  the  gastrointestinal  tract  (GIT)  (Du  et  al.,  2015). 
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Finally,  it  is  apparent  that  the  last  two  decades  have  witnessed  the  development  of 
nanoscale  formulations  to  treat  complex  diseases.  However,  among  them,  most  of  the  for¬ 
mulations  showed  unpredictable  behavior  and  many  times  resulted  in  adverse  effects. 
Nanoparticle  toxicity  ensues  due  to  particle  size,  surface  area,  morphology,  composition, 
and  surface  characteristics.  One  of  the  major  reasons  behind  these  poor  outcomes  is  vari¬ 
ability  and  misunderstanding  in  the  relationship  between  nanoparticle  characteristics  and 
therapeutic  activity,  and  therefore  the  characterization  of  nanomaterials  is  very  critical  for 
the  successful  development  of  nanoparticles  (Raval  et  al.,  2018c).  However,  the  challenge 
for  pharmaceutical  nanotechnologies  is  to  achieve  perfect  control  of  nanoscale-related 
properties.  This  obviously  requires  correlating  the  parameters  of  the  synthesis  critical  pro¬ 
cess  parameters  with  the  critical  quality  attributes,  such  as  the  resulting  nanostructure  or 
surface  characteristics.  The  next  section  discusses  the  importance  of  nanoparticle  physico¬ 
chemical  characterization. 


10*2  IMPORTANCE  OF  NANOPARTICLES  CHARACTERIZATION 


It  is  important  to  understand  how  our  biological  system  will  react  toward  nanosized 
particles  or  exogenous  particulate  materials.  As  particle  size  decreases,  surface  area  rela¬ 
tive  to  volume  drastically  increases,  which  allows  for  greater  interaction  between  the  parti¬ 
cle  and  its  surroundings.  Therefore,  nanoparticle  size  and  surface  area  are  characteristics 
that  highly  influence  a  nanoparticle's  fate  in  the  body.  Nanoparticles  would  enter  in  the 
biological  system  through  different  routes,  such  as  by  injection,  inhalation,  or  the  oral 
route,  and  following  entry  into  the  systemic  circulation,  nanoparticles  would  interact  with 
various  circulatory  plasma  proteins  and  immune  cells  before  distributing  into  different 
organs  (Shang  et  al.,  2014).  In  addition,  cellular  uptake  of  nanoparticles  via  endocytosis  or 
other  mechanisms  is  also  greatly  dependent  on  particle  size. 

The  blood  capillaries  and  the  lymphatic  system  play  a  major  role  in  the  absorption,  dis¬ 
tribution,  retention,  and  removal  of  nanoparticles  (Beloqui  et  al.,  2016).  As  the  fluids  are 
reabsorbed  into  the  blood,  the  lymph  nodes  identify  foreign  matter  passing  through.  If 
there  is  greater  particle  size  then  it  would  be  recognized  as  foreign,  and  engulfed  by 
macrophages  and  cleared  from  the  body  (Bailey  et  al.,  2015).  This  serves  as  a  hurdle  to 
nanosized  drug  delivery  systems;  nevertheless,  particle  size  and  surface  characteristics 
influence  their  clearance,  which  is  equally  important  as  their  formulation,  which  is  elabo¬ 
rated  on  in  the  following  subsections. 

Nanoparticle  characterization  is  anticipated  during  scale-up  in  the  industry  (Raval 
et  al.,  2018c).  For  instance,  Intertek  is  a  multinational  company  that  provides  inspection, 
product  testing  sampling,  packaging,  and  certification,  as  well  as  a  comprehensive  R&D  or 
current  Good  Manufacturing  Practice  (cGMP)  compliant  analytical  capability  for  nanopar¬ 
ticle  systems,  either  dry  particles  or  suspensions  (Raval  et  al.,  2018b).  The  different  drug 
delivery  carrier  systems  and  nanoparticles  used  in  pharmaceutical  applications  include 
liposomes,  polymeric  nanoparticles,  metallic  nanoparticles,  carbon  nanotubes,  and 
micelles  for  diagnostic  and  therapeutic  applications  (Jogi  et  al.,  2018;  Soni  et  al.,  2016; 
Tekade  et  al.,  2017). 
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10.3  VARIOUS  TECHNIQUES  TO  CHARACTERIZE  NANOPARTICLES 
USED  FOR  PHARMACEUTICAL  APPLICATIONS 

10*3*1  Particle  Size  Analysis 

Particle  size  analysis  is  carried  out  to  compare  the  dimensions  of  different  particulate 
systems  including  solid  or  semisolid  particles,  as  well  as  liquid  aerosols.  Nature  has 
designed  the  building  blocks  of  the  biological  systems  to  be  of  the  nanometric  scale,  and 
hence  nanoparticle  systems  targeting  to  natural  cellular  processes  have  become  of  great 
interest  (Ram  and  Uday,  2006). 

The  diameter  of  the  smallest  blood  capillaries  present  in  the  human  body  is  about  4  pm, 
therefore  for  nanoparticles  to  reach  all  locations  of  the  body,  the  particle  diameter  should 
be  smaller.  The  smaller  the  particle,  the  less  irritation  there  will  be  at  the  injection  site 
(Pathak  and  Thassu,  2016;  Maheshwari  et  al.,  2018a).  Fig.  10.1  shows  the  comparable  size 
of  the  human  cellular  components  to  nanoparticles. 

The  active  ingredient  used  for  the  treatment  or  prevention  of  disease  can  be  dissolved 
in  the  nanoparticle  matrix  or  entrapped  in  the  nanoparticle  system.  Some  drugs  are  chemi¬ 
cally  attached  to  the  nanoparticle  matrix  to  deliver  at  a  specific  site  or  further  act  as  a 
ligand.  The  biological  fate,  in  vivo  distribution,  targeting  ability,  and  toxicity  of  the  nano¬ 
particulate  system  highly  depends  on  their  particle  size  and  size  distribution. 

High  drug  loading  with  entrapment  efficiency  and  better  release  pattern  will  give  a 
good  therapeutic  effect.  The  drug-loaded  nanoparticles  can  be  administered  through 
direct  injection  into  the  bloodstream  with  a  particle  size  of  less  than  500  nm.  For  that. 


Carbon  atom 


FIGURE  10.1  Typical  size  of  various  objects  (different  size  of  biological  components  such  as  human  eye, 
human  hair,  RBC,  bacterium,  virus,  ribosome,  DNA,  and  carbon  atom). 
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biocompatibility  of  nanocarriers  also  needs  to  be  verified  before  intravenous  administra¬ 
tion.  Davda  and  Labhasetwar  investigated  the  uptake  of  different  sized  particle  systems 
in  the  Caco-2  cell  line,  and  they  found  that  nanoparticles  having  a  size  of  100  nm 
showed  2.5-  and  6-fold  higher  uptake  as  compared  with  1  and  10  pm  microparticles, 
respectively  (Davda  and  Labhasetwar,  2002).  Techniques  available  for  particle  size  deter¬ 
mination  are  described  in  the  following  sections. 


10.3.1.1  Dynamic  Light  Scattering 

Dynamic  light  scattering  (DLS),  which  is  also  referred  to  as  photon  correlation  spectros¬ 
copy  (PCS)  or  quasi-elastic  light  scattering,  is  used  to  determine  the  nanoparticle  size  in 
the  colloidal  suspension  polymeric  solution.  DLS  measures  the  hydrodynamic  size  of  par¬ 
ticles,  by  the  mechanism  of  light  scattering  from  a  laser  that  passes  through  colloidal  solu¬ 
tion  and  analyzes  modulation  of  the  intensity  of  scattered  light  as  a  function  of  time  (Lim 
et  al.,  2013).  Brownian  motion  of  particles  correlates  with  their  hydrodynamic  diameter. 
The  smaller  the  particle,  the  faster  it  will  diffuse  than  a  larger  one  and  the  DLS  instrument 
will  generate  a  correlation  function  that  is  mathematically  linked  with  particle  size  and  its 
time-dependent  light  scattering  capacity. 

DLS  has  been  used  to  measure  the  particle  size  of  dispersing  colloidal  samples, 
to  study  the  stability  of  formulations,  and  to  detect  the  presence  of  aggregation  or 
agglomeration.  DLS  is  the  ultimate  tool  to  determine  and  measure  the  agglomeration 
state  of  nanoparticles.  Globule  size  of  microemulsions  may  also  be  measured  by  DLS 
technique  (Raval  et  al.,  2018a).  By  comparing  DLS  and  transmission  electron  microscopy 
(TEM)  image  data,  the  aggregation  state  of  nanoparticles  can  be  easily  determined.  If 
the  suspension  is  in  an  unaggregated  form,  then  size  will  be  not  that  much  difference 
between  size  analysis  data  of  DLS  and  TEM.  If  the  suspension  is  in  aggregated  form, 
then  the  diameter  of  particles  measured  by  DLS  is  much  larger  than  the  TEM  size 
analysis. 

Moreover,  these  aggregated  particles  show  high  polydispersity  index  (large  variation  in 
particle  size).  DLS  is  an  analytical  technique  used  to  measure  the  particle  size  distribution 
of  formulations  across  the  oligomer  and  submicron  size  ranges  of  approximately  0.3  nm  to 
10  pm.  The  DLS  measurements  use  scattering  angles  of  90  or  173  degrees  using  a 
helium— neon  laser  as  a  source  of  light,  that  is,  detector  position  at  a  back  angle  173 
degrees  and  right  angle  90  degrees  to  incident  light  (Griffiths  et  al.,  2015).  Brownian 
motion  of  individual  particles  is  converted  into  particle  size,  which  is  calculated  by  inbuilt 
software  using  the  Stokes— Einstein  equation  [Eq.  (10.1)]: 


D  = 


kT 

67TT]Rh 


(10.1) 


In  the  equation,  D  is  diffusion  coefficient,  k  is  Boltzmann's  constant,  T  is  temperature,  r] 
is  solvent  viscosity,  and  Rh  is  the  rheodynamic  radius  of  particle  solution  (Hoo  et  al., 
2008).  For  this  particle  size  measurement,  a  disposable  polystyrene  cuvette  filled  with  sam¬ 
ples  may  be  placed  in  Zetasizer  Nano-ZS  (Malvern  Panalytical  Ltd.)  or  equivalent  instru¬ 
ment.  The  results  obtained  by  DLS  are  usually  verified  by  another  size  characterization 
technique  such  as  TEM  (Bhattacharjee,  2016). 
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Meyabadi  et  al.  prepared  cellulose  nanoparticles  from  cotton  waste  via  an  enzymatic 
hydrolysis  technique.  Characterization  of  the  prepared  nanoparticle  was  performed  using 
viscometer,  field  emission  SEM,  DLS,  Fourier  transform  infrared  spectroscopy  (FTIR), 
X-ray  diffraction  (XRD),  and  thermogravimetric  analysis  (TGA).  The  average  particle  size 
of  the  hydrolyzed  cotton  nanoparticles  determined  by  DLS  was  found  to  be  less  than 
100  nm  (Meyabadi  et  al.,  2014). 

Huang  et  al.  had  developed  cross-linked  nanoparticles  of  polyethylene  amine  and  tri¬ 
phosphate  (PEI-TPP)  for  gene  delivery.  PEI-TPP  nanoparticle  average  diameter  and  size 
distribution  were  analyzed  through  the  DLS-based  Zetasizer  particle  size  analyzer.  The 
results  demonstrated  that  PEI-TPP  nanoparticles  (10.2%)  were  within  uniform  nanorange 
particle  size  having  an  average  particle  size  of  120  nm  (Huang  et  al.,  2014). 


10.3.1.2  The  Polydispersity  Index 

The  polydispersity  index  (PDI)  is  another  important  parameter  that  describes  the  width 
or  spread  of  the  particle  size  distribution.  Actually,  the  PDI  value  may  vary  from  0  to  1, 
where  the  colloidal  particles  with  PDIs  less  than  0.1  implies  monodisperse  particles  and 
the  values  more  than  0.1  may  imply  polydisperse  particle  size  distributions.  The  formula 
for  polydispersity  index  is  presented  as  Eq.  (10.2). 

PDI  =  (cr/d)2  (10.2) 

Where,  PDI  =  the  square  of  the  standard  deviation  divided  by  the  mean  particle  diameter. 
For  example,  nanoparticles  with  a  Z-average  value  of  100  nm  with  PDI  of  0.1  would  have 
a  standard  deviation  of  31.6  nm.  If  the  polydispersity  index  is  >  0.1,  or  cumulative  fit 
error  is  >  0.001,  or  result  quality  is  poor,  then  data  is  considered  as  suspicious  and  further 
analysis  is  needed  (Nobbmann  and  Morfesis,  2009). 


10.3.1.3  Surface  Charge 

Zeta  potential  is  a  measure  of  the  surface  charge  of  a  nanoparticle  and  therefore  is 
another  parameter  measured  by  light  scattering  techniques,  such  as  electrophoresis  light 
scattering  (ELS),  which  is  also  referred  to  as  laser  Doppler  microelectrophoresis.  When  a 
nanoparticle  is  located  in  an  ionic  solution,  the  surface  of  a  charged  particle  is  surrounded 
by  a  double  electronic  layer.  A  layer  of  ions  that  are  oppositely  charged  than  the  nanopar¬ 
ticle  surface  comprise  the  Stern  layer.  The  second  layer  resides  upon  the  Stern  layer  and  is 
composed  of  oppositely  charged  counterions,  which  rest  against  the  slip  plane.  Zeta  poten¬ 
tial  can  be  measured  taking  the  difference  between  the  potential  of  the  nanoparticle  sur¬ 
face  and  the  solution  in  which  the  nanoparticle  resides,  as  measured  by  the  change  of 
particle  velocity  moving  toward  an  electrode  while  varying  the  electric  field  throughout 
the  sample. 

The  immune  system  of  the  body  prevents  entry  of  any  foreign  material  into  the  body. 
As  nanoparticles  are  also  foreign  particles,  when  administered  intravenously,  they  are  rec¬ 
ognized  and  phagocytosed  by  immune  system  components.  This  leads  to  clearance  of 
nanoparticles  from  the  circulation.  The  surface  charge  of  nanoparticles  also  plays  an 
important  role  that  determines  the  adsorption  of  protein  (opsonins)  onto  the  surface  of 
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nanoparticles.  This  process  of  adsorption  and  binding  of  nanoparticles  on  plasma  proteins 
is  known  as  opsonization,  which  acts  as  a  bridge  between  phagocytes  and  nanoparticles. 

When  drugs  are  given  with  conventional  carriers,  they  are  distributed  to  the  mononu¬ 
clear  phagocyte  system  (MPS)  including  lungs,  liver,  spleen,  and  bone  marrow,  and  then 
they  get  cleared  from  circulation  by  macrophages  through  the  process  of  opsonization 
(Bhattacharjee,  2016).  Generally,  IgG  and  complement  C3  components  recognize  the  for¬ 
eign  substances,  specifically  foreign  larger  molecules.  To  enhance  effective  targeting  using 
nanoparticles,  it  is  essential  to  decrease  the  opsonization  and  increase  the  circulation  of 
nanoparticles  in  vivo  (Arvizo  et  al.,  2010).  This  characteristic  of  the  nanoparticle  is  also 
important  after  loading  of  a  gene  inside  the  nanoparticle  for  its  charge  evaluation  (Tambe 
et  al.,  2017). 

The  decrease  in  opsonization  and  prolonged  circulation  time  can  be  achieved  by  (1) 
coating  the  surface  of  nanoparticle  using  hydrophilic  polymers  like  polyethyleneglycol  or 
(2)  nanoparticle  formulation  with  the  use  of  biodegradable  copolymers  having  hydrophilic 
segments  (He  et  al.,  2010).  The  zeta  potential  of  a  nanoparticle  represents  its  surface 
charge.  It  denotes  the  electric  potential  of  nanoparticles,  which  depends  on  the  composi¬ 
tion  of  particles  as  well  as  the  dispersing  medium.  The  nanoparticles  that  possess  zeta 
potentials  of  more  than  +30  mV  or  less  than  —30  mV  are  considered  as  a  stable  colloidal 
suspension  system  that  prevents  nanoparticles  aggregation.  On  the  other  hand,  nanoparti¬ 
cles  with  zeta  potential  values  that  fall  between  —30  mV  and  +30  mV  indicate  poor  colloi¬ 
dal  stability  and  are  likely  to  undergo  flocculation,  agglomeration,  or  aggregation.  The 
dispersion  or  suspension  with  low  zeta  potential  value  promotes  the  aggregation  of  nano¬ 
particles  due  to  van  der  Waals  attractions.  The  zeta  potential  also  gives  an  idea  about 
whether  charged  drug  molecules  are  entrapped  in  the  nanoparticle  system  or  just 
adsorbed  on  the  surface  of  nanoparticles.  Therefore,  zeta  potential  is  an  indicative  tool  for 
the  long-term  stability  of  nanoparticles  (Metin  et  al.,  2011). 

Kumar  et  al.  developed  biodegradable  chitosan  nanoparticles  and  characterized  them 
for  a  cellular  and  immune  response.  Ionotropic  gelation  technique  was  used  to  prepare  the 
chitosan  nanoparticle  condensed  with  antigen  in  which  the  release  pattern  of  antigen  was 
very  slow  and  provided  prolonged  immunity.  In  accordance  with  this,  an  average  particle 
size  of  205.8  nm  was  achieved  and  a  +40  mV  zeta  potential  was  obtained  due  to  the  pres¬ 
ence  of  a  chitosan  coating  (Kumar  et  al.,  2014). 

Researchers  have  previously  prepared  solid  lipid  nanoparticles  (SLNs)  of  naringenin 
for  pulmonary  disorders  and  characterization  was  done  based  on  particle  size,  zeta  poten¬ 
tial,  entrapment  efficiency,  cytotoxicity,  and  pharmacokinetics.  They  obtained  a  mean 
particle  size  and  zeta  potential  of  the  optimized  formulation  at  98  ±  0.61  nm  and 
-31.4  ±  0.98  mV,  respectively.  In  addition,  the  SLN  formulation  was  found  to  be  physi¬ 
cally  stable  and  prevented  aggregation  of  the  colloidal  particles  because  of  adequate 
zeta  potential  (Ji  et  al.,  2016). 

10*3*2  Surface  Topography  Analysis 
10.3.2.1  Scanning  Electron  Microscope 

Scanning  electron  microscope  (SEM)  is  one  of  the  most  widely  used  instrumental  methods 
for  the  examination  and  analysis  of  micro-  and  nanoparticle  imaging  characterization  of  solid 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


376 


10.  IMPORTANCE  OF  PHYSICOCHEMICAL  CHARACTERIZATION  OF  NANOPARTICLES 


objects.  One  of  the  reasons  that  SEM  is  preferred  for  particle  size  analysis  is  due  to  its  resolu¬ 
tion  of  10  nm,  that  is,  100  A.  Advanced  versions  of  these  instruments  can  achieve  a  resolution 
of  about  2.5  nm  (25  A)  (Goldstein,  2012).  This  instrument  may  also  be  used  in  conjunction 
with  other  related  techniques  of  energy-dispersive  X-ray  microanalysis  (EDX,  EDS,  EDAX), 
for  the  determination  of  the  composition  or  orientation  of  individual  crystals  or  features. 
Generally,  tungsten  filament  lamps  or  a  field  emission  gun  is  used  as  a  source  for  the  elec¬ 
tron  generation.  The  field  emission  gun  requires  ultrahigh  vacuum  conditions  (10-10  to  10-11 
Torr)  to  keep  the  tip  free  from  contaminants  and  oxide  (Pathak  and  Thassu,  2016). 

The  electron  beam  acceleration  takes  place  through  the  high  voltage  system  (20  kV), 
and  this  electron  beam  gets  narrowed  after  passing  through  the  apertures  and  electromag¬ 
netic  lenses.  Afterward,  the  beam  scans  the  specimen  surface  with  the  help  of  scan  coils. 
The  images  are  generated  after  production  of  SEM  types  of  signals  from  the  area  of  beam 
and  specimen  interaction.  The  backscattered  and  secondary  electrons  that  are  emitted 
from  the  specimen  at  above  the  vacuum  level  are  collected  by  a  suitably  positioned  detec¬ 
tor  (Hafner,  2007).  Focusing  on  an  area  at  higher  magnification  levels  ( >  100  kX)  gives  bet¬ 
ter  surface  topography  analysis  of  a  sample  with  the  best  spatial  resolution  (Goldstein 
et  al.,  2017). 

A  metal  stub  is  used  for  mounting  samples  that  are  coated  with  a  40— 60  nm  thick  layer 
of  carbon  or  metal,  such  as  gold  or  palladium,  and  observed  under  the  microscope 
(Mukhopadhyay,  2003).  Biological  specimens  are  fixed  chemically  in  a  typical  way  and 
dehydrated  through  the  use  and  evaporation  of  acetone  or  ethanol.  Then  the  sample  is 
dried  at  a  critical  point  to  minimize  specimen  distortion,  which  occurs  generally  due  to 
drying  tensions.  There  is  no  need  to  follow  this  procedure  for  dry  samples.  SEM  also  can 
be  used  to  investigate  industrial  samples  having  smooth  surfaces. 

Fig.  10.2  shows  the  SEM  image  of  the  biofilm  containing  chitosan  nanoparticle 
made  of  poly(lactide-co-glycolide)  (PLGA)  as  a  polymeric  material,  where  the  size  of 
chitosan— PLGA  nanoparticle  was  determined  to  be  294.6  nm.  This  also  proved  that  nano¬ 
particles  were  present  inside  the  biofilm  (Takahashi  et  al.,  2015). 

Zhang  et  al.  had  developed  poly(dimethylsiloxane)-gold  nanoparticles  loaded  into  film 
and  obtained  scanning  electron  micrographs  of  the  nanoparticles  entrapped  inside  the  film 
(Zhang  et  al.,  2008).  Moreover,  silver  nanoparticles  were  developed  for  their  antibacterial 
effects  in  a  formulation  that  incorporated  plant  extracts  by  Logeswari  et  al. 
Characterization  of  the  developed  silver  nanoparticle  included  X-ray  diffraction  (XRD), 
atomic  force  microscope  (AFM),  and  SEM.  Stable  silver  nanoparticles  with  a  particle  size 
of  22—28  nm  were  observed  in  SEM  micrographs  (Logeswari  et  al.,  2015). 

Zang  et  al.  enhanced  the  imaging  performance  of  colloidal  nanoparticle  using  a  simplis¬ 
tic  method.  The  prepared  nanoparticles  were  characterized  using  XRD,  SEM,  and  TEM. 
ZnO  nanoparticles  showed  a  flower-like  nanostructure  that  was  observed  through  SEM 
studies  (Zang  and  Tang,  2015). 

10.3.2.2  Transmission  Electron  Microscopy 

Recently,  transmission  electron  microscopy  (TEM)  has  also  been  employed  for  the  trace¬ 
able  measurement  of  nanoparticle  size  and  size  distribution  (Buhr  et  al.,  2009;  Hodoroaba 
et  al.,  2014a).  TEM  is  a  first-choice  method  used  for  particle  size  analysis  and  size  distribu¬ 
tion  of  nanoparticle  samples  because  of  the  ability  to  image  particles  from  <1  nm  up  to  a 
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FIGURE  10.2  SEM  image  of  chitosan— PLGA  nanoparticle  embedded  in  biofilm.  Size  of  PLGA  comprised  bio¬ 
film  was  found  to  be  294.6  nm.  Source:  Adapted  with  permission  from  Takahashi,  C.,  Ogawa,  N.f  Kawashima,  Y., 
Yamamoto ,  H.,  2015.  Observation  of  antibacterial  effect  of  biodegradable  polymeric  nanoparticles  on  Staphylococcus  epider- 
midis  biofilm  using  FE-SEM  with  an  ionic  liquid.  Microscopy ,  dfvOlO. 


few  micrometers.  This  technique  is  also  used  to  observe  the  morphology  of  nanoparticles 
because  of  its  ultrahigh  resolution  capabilities  that  allow  for  investigating  particle  surface 
granularity  or  even  crystalline  lattice  structure  (Woehrle  et  al.,  2006). 

The  focused  beam  of  electrons  is  passed  through  a  sample,  and  images  are  formed  in 
the  same  way  as  those  formed  using  light  microscopes.  But,  in  this  technique  the  electron 
source  is  used  to  illuminate  the  nanoparticles  with  higher  resolution  of  magnitude,  rather 
than  the  normal  light  source  (Akbari  et  al.,  2011).  The  amplitude  and  phase  variations  in 
the  transmitted  beam  provide  the  imaging  contrast  with  respect  to  the  thickness  of  the 
sample  and  the  type  of  material.  TEM  takes  images  of  nanoparticles  depending  upon  sam¬ 
ple  contrast  relative  to  its  background  (Zhu  et  al.,  2017). 

Sample  preparation  for  TEM  analysis  is  quite  easy  and  straightforward.  A  small  drop  of 
the  nanoparticle  or  colloidal  suspension  (about  5  (iL)  is  kept  on  TEM  grid  (generally  made 
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FIGURE  10.3  TEM  image  of  a  gold  nano¬ 
particle.  Approximately  150  nanoparticles  hav¬ 
ing  a  mean  diameter  of  ~100nm  were 
observed.  Source:  Adapted  with  permission  from 
Zheng,  T.,  Bott,  S.,  Huo,  Q.,  2016.  Techniques  for 
accurate  sizing  of  gold  nanoparticles  using  dynamic 
light  scattering  with  particular  application  to  chemi¬ 
cal  and  biological  sensing  based  on  aggregate  forma¬ 
tion.  ACS  Appl.  Mater.  Interfaces  8  (33), 

21585-21594. 


up  of  copper  with  thin  carbon  layering)  and  the  sample  is  allowed  to  dry  at  room  temper¬ 
ature.  After  the  evaporation  of  the  solvent  medium,  the  sample  grid  is  observed  directly 
under  TEM.  The  accelerating  voltage  used  for  TEM  operation  is  100  keV,  which  usually 
gives  better  resolution  as  well  as  a  flat  focus  with  less  than  0.1%  distortion  for  150,000  X 
magnification  (Michen  et  al.,  2014). 

Biodistribution  and  excretion  of  nanoparticles  from  the  body  depend  on  the  size  distri¬ 
bution  of  the  nanoparticles.  Silver  nanoparticles  have  been  developed  to  elicit  the  materi¬ 
als'  inherent  antimicrobial  properties.  Dziendzikowska  et  al.  had  evaluated  the 
distribution  of  injected  silver  nanoparticles  in  major  organs,  including  the  kidney,  brain, 
spleen,  and  lung,  and  excretion  pattern  in  the  urine  of  Wistar  rats.  Prepared  nanoparticles 
were  observed  in  TEM  (Dziendzikowska  et  al.,  2012). 

Tianyu  et  al.  prepared  gold  nanoparticles  that  were  characterized  for  particle  size  using 
DLS  and  was  confirmed  using  the  complementary  TEM  analysis.  Fig.  10.3  depicted  the 
representation  of  dry  nanoparticle  confirmation  via  TEM.  From  this  type  of  direct  analysis, 
almost  150  particles  were  observed  and  a  mean  average  diameter  of  99  nm  was  obtained 
(Zheng  et  al.,  2016). 

10.3.2.3  Atomic  Force  Microscopy 

Atomic  force  microscopy  (AFM)  is  an  ultrahigh-resolution  technique  used  in  nanoparti¬ 
cle  imaging  and  particle  size  measurements.  Basically,  this  technique  works  on  the  basis  of 
physical  scanning  of  nanoparticles  using  atomic-scale  probe  tips  (Zur  Miihlen  et  al.,  1996). 
This  instrument  provides  a  topographical  map  based  on  the  forces  imparted  between  the 
tip  of  the  probe  and  the  surface  of  the  sample  (Pal  et  al.,  2011).  There  are  three  types  of 
scanning  modes  used  in  the  AFM  analysis  depending  upon  properties  of  materials,  that  is, 
contact  mode,  noncontact  mode,  and  intermittent  mode.  In  contact  mode  analysis,  the 
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topographical  map  is  generated  by  tapping  the  probe  across  the  sample.  Contact  mode 
analysis  involves  dragging  a  probe  to  infer  surface  topography  from  a  sample. 
Intermittent  mode  analysis  involves  a  probe  that  hovers  over  the  conducting  surface  and 
oscillates  (Shang  et  al.,  2014). 

The  AFM  is  used  for  the  size  analysis  of  different  kinds  of  samples.  The  main  advan¬ 
tage  of  AFM  is  that  it  provides  the  images  of  nonconducting  samples  with  no  specific 
complex  sample  treatment.  Hence,  AFM  allows  for  the  image  acquisition  of  delicate  bio¬ 
molecules  and  different  types  of  polymeric  nanostructures  (Shi  et  al.,  2003).  AFM  gives 
direct  particle  size  results  without  the  use  of  secondary  mathematical  determination. 

The  AFM  technique  is  a  very  reliable  technique,  and  provides  a  realistic  picture  that 
helps  to  understand  a  number  of  biological  situations  (Polakovic  et  al.,  1999).  AFM  is  used 
for  many  kinds  of  applications  like  analysis  of  particle  size  and  shape,  the  structure  of  bio¬ 
molecules,  and  aggregation  and  dispersion  of  the  nanomaterial  sample.  AFM  is  also  useful 
in  the  characterization  of  different  biological  conditions  like  the  interaction  between  nano¬ 
materials  and  supported  lipid  bilayers  in  real  time  (Patri  et  al.,  2006). 


10*3*3  Energy-Dispersive  X-Ray  Analysis 

Energy-dispersive  X-ray  analysis  (EDAX)  is  a  technique  used  for  the  measurement  of 
nanoparticles  by  SEM.  In  this  technique,  the  nanoparticles  are  analyzed  by  activation  using 
an  EDS  X-ray  spectrophotometer,  which  is  generally  present  in  modern  SEM.  The  individ¬ 
ual  separated  nanoparticles  are  deposited  on  a  suitable  substrate  that  does  not  interfere  in 
the  characterization  of  nanoparticles  (Kim  et  al.,  2012).  This  method  has  found  some  lim¬ 
itations  with  regard  to  accurate  dimensional  and  elemental  characterization  (Hodoroaba 
et  al.,  2014b). 

The  basic  principle  of  EDAX  is  a  generation  of  X-rays  from  a  specimen  through  the  elec¬ 
tron  beam.  The  X-rays  are  generated  according  to  the  characteristics  and  nature  of  the  ele¬ 
ments  present  in  the  sample.  Hence,  this  technique  also  can  be  used  to  measure  the 
energy  of  emitted  X-rays.  This  method  gives  accurate  results  for  not  only  element  detec¬ 
tion,  but  also  to  determine  their  concentration  after  maintaining  the  ideal  instrumental 
conditions.  There  are  three  principal  components  present  in  basic  EDAX  systems.  These 
components  include  the  X-ray  detector,  pulse  processor  to  measure  the  voltage  with 
respect  to  X-ray  energies,  and  a  computer  system.  The  X-ray  detector  is  positioned  to  inter¬ 
cept  X-rays  emitted  from  the  specimen  (Thomas  et  al.,  2017). 

The  emitted  X-rays  from  the  sample  are  detected  by  an  X-ray  detector.  Upon  entering 
the  detector,  an  X-ray  generates  a  small  current,  which  is  then  converted  into  a  voltage 
pulse.  The  voltage  pulse  is  dependent  on  the  X-ray  energy.  Histograms  of  this  data  may 
then  be  plotted  following  measurement  of  the  voltage  pulse  for  a  60-s  period.  This  histo¬ 
gram  represents  the  X-ray  energy  spectrum  through  which  elemental  analysis  can  be  done 
(Hodoroaba  et  al.,  2010). 

Some  samples  emit  low  energy  X-rays  and  these  low  or  weak  signals  can  be  increased  by 
use  of  higher  beam  currents  or  increasing  imaging  times.  An  increased  solid  angle  of  the 
EDS  detector  may  also  resolve  this  problem  (Hodoroaba  et  al.,  2012).  EDAX  mapping  of 
nanoparticles  for  longer  acquisition  time  with  higher  magnification  does  not  represent  ideal 
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FIGURE  10.4  EDEX  spectrum  of  iorn  oxide  nanoparticle  with  binding  energy  of  iron.  Source:  Adapted  with 
permission  from  El-Kassas,  H.Y.,  Aly-Eldeen,  M.A.,  Gharib,  S.M.  2016.  Green  synthesis  of  iron  oxide  (Fe304)  nanoparticles 
using  two  selected  brown  seaweeds:  Characterization  and  application  for  lead  bioremediation.  Acta  Oceanologica  Sinica,  35 
(8),  89-98. 


sample  handling.  Instead,  a  quick  EDAX  elemental  analysis  with  higher  resolution  is  pre¬ 
ferred  for  physicochemical  evaluation  of  individual  nanoparticles  (Hodoroaba  et  al.,  2014a). 

Kaviya  et  al.  studied  the  EDAX  pattern  of  silver  nanoparticles  and  they  obtained  a 
value  of  approximately  3  eV,  which  is  a  characteristic  peak  of  silver  nanoparticles  due  to 
their  surface  plasmon  resonance  properties.  For  EDAX  analysis,  the  authors  first  dried  the 
reduced  silver  on  a  carbon-coated  copper  grid  and  performed  on  a  HITACHI  SU6600  FE- 
SEM  equipped  with  an  EDAX  attachment.  They  demonstrated  this  EDAX  pattern  of  syn¬ 
thesized  silver  nanoparticles  at  25°C.  (Kaviya  et  al.,  2011).  EDEX  analysis  of  iron  oxide 
was  performed  by  EL-KASSAS  Hala  et  al.  They  had  developed  iron  oxide  nanoparticles 
with  help  of  two  different  seaweeds  through  green  chemistry.  Characterization  or  confir¬ 
mation  of  iron  oxide  nanoparticle  was  performed  by  Elemental  analysis  technique. 
Fig.  10.4  showed  peak  around  6.39keV  is  binding  energy  of  the  iron  in  iron  oxide  nanopar¬ 
ticles.  Therefore  an  EDEX  spectrum  was  utilized  for  the  confirmation  of  iron  inside  the 
nanoparticles  (El-Kassas  et  al.,  2016). 


10*3*4  Hemolysis  Profiling 

Hemolysis  is  a  dangerous  condition  where  blood  cells  burst  in  circulation,  which  can 
ultimately  promote  jaundice  and  anemia.  Many  natural  and  synthetic  nanoparticles  have 
elicited  hemolytic  action  and  hence,  preclinical  investigation  of  hemolytic  activity  is  neces¬ 
sary  for  newly  developed  nanomedicine  with  anticipated  delivery  modes  having  blood 
contact.  For  example,  mesoporous  silica  nanoparticles  are  known  to  cause  hemolysis  of 
red  blood  cells  (RBCs)  (Paula  et  al.,  2012).  The  nanosize  and  unique  physicochemical 
properties  can  lead  to  interactions  of  nanoparticles  with  RBCs.  Therefore,  the  standard  of 
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Bare  nan  op  article 


Protien  coated 
nanoparticle 


FIGURE  10.5  Hemolysis  caused 
by  bare  silica  nanoparticles;  this  can 
be  avoided  by  preparing  a  protein- 
coated  nanoparticle. 


pharmacological  screening  needs  to  be  enhanced  with  respect  to  nanoparticles  (Neun  and 
Dobrovolskaia,  2011). 

To  perform  a  hemolysis  assay,  nanoparticles  are  incubated  in  the  blood.  If  hemolysis 
occurs  due  to  the  properties  of  the  nanoparticles,  hemoglobin  is  released  from  damaged 
cells,  and  by  using  reagents  this  released  hemoglobin  is  converted  to  red-colored  cyan- 
methemoglobin.  The  undamaged  RBCs  and  nanoparticles  are  separated  by  centrifugation 
and  the  concentration  of  cyanmethemoglobin  within  the  supernatant  is  measured  using 
spectrometric  analysis.  From  the  cyanmethemoglobin  concentration,  hemoglobin  concen¬ 
tration  can  be  determined.  These  results  are  compared  with  a  negative  control  group  to 
determine  percentage  hemolysis  due  to  the  nanoparticles  (Fig.  10.5). 


10*3*5  X-Ray  Diffraction  for  Structural  Analysis 

X-ray  diffraction  (XRD)  is  used  for  the  primary  characterization  of  material  properties 
like  crystal  structure,  crystallite  size,  and  strain.  The  use  of  XRD  in  pharmaceutical 
research  is  extensively  increasing  due  to  its  wide  application.  XRD  works  on  the  principle 
of  Bragg's  equation,  which  can  be  described  in  terms  of  reflection  of  collimated  X-ray 
beam  incidence  on  a  crystal  plane  of  the  sample  that  to  be  characterized.  XRD  is  based  on 
the  wide-angle  elastic  scattering  and  is  generally  used  for  ordered  material  (specifically 
long-range  order  crystalline  material),  and  is  not  preferred  for  disordered  material.  A 
beam  of  X-rays  is  passed  through  the  specimen  and  is  scattered,  or  diffracted,  by  the 
atoms  in  the  path  of  the  X-rays  investigated.  The  interference  occurring  due  to  scattering 
of  X-rays  with  each  other  is  observed  applying  Bragg's  law  and  a  suitably  positioned 
detector,  and  crystalline  structure  characteristics  of  the  material  are  determined.  All  mea¬ 
surements  are  carried  out  in  Angstroms  (1  A  =  0.1  nm  or  10-lom).  To  confirm  the  results 
obtained  using  XRD,  they  may  be  compared  with  microscopy  techniques  or  other 
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solid-state  characterization  techniques.  However,  XRD  can  be  time-consuming  and  may 
require  large  amounts  of  sample  (Das  et  al.,  2014;  Epp,  2016). 

Despite  some  limitations,  XRD  is  widely  used  to  determine  the  material  structure  at 
an  atomic  level.  Another  difficulty  with  XRD  is  that  it  is  difficult  to  analyze  the  growing 
crystal  in  real  time  and  therefore  this  technique  gives  results  only  from  single  confirmation 
or  binding  state  (Cao,  2004;  Sapsford  et  al.,  2011;  Zanchet  et  al.,  1999).  The  next  disadvan¬ 
tage  of  the  XRD  technique  is  the  low  intensity  of  diffracted  X-rays,  specifically  for  low 
atomic  number  material,  with  a  comparison  to  electron  diffractions  (Cao,  2004). 
Nevertheless,  new  approaches  are  being  developed  in  XRD  analysis  using  femtosecond 
pulses  from  a  hard  X-ray  free  electron  laser,  for  structure  determination  of  macromole¬ 
cules,  which  does  not  provide  sufficient  crystal  size  using  conventional  radiation  sources 
(Chapman  et  al.,  2011). 


10*3*6  Nuclear  Magnetic  Resonance  Spectroscopic  Analysis 

Nuclear  magnetic  resonance  (NMR)  spectroscopy  has  been  utilized  as  a  standard  char¬ 
acterization  technique  for  determining  the  molecular  structure  of  organic  molecules.  Such 
available  nuclei  that  are  NMR  active  include  aH,  13C,  19F,  and  35P.  Therefore,  solution 
molecules  that  are  bound  with  the  nanoparticle  surface  could  be  easily  analyzed  using  aH 
NMR.  In  the  liquid  state,  protons  are  mostly  envisioned  by  sharp  signals  associated  with 
greater  signaling  amplitude.  Whereas,  protons  present  as  a  semisolid /solid  provide  weak 
and  wide  NMR  signals  due  to  association  with  solid  particles  (Ilott  and  Jerschow,  2018). 

When  dissimilar  chemical  shifts  occur,  there  could  be  potential  to  characterize  the  NMR 
signals  toward  particular  molecules  or  their  patterns.  For  instance,  at  0.9  ppm  a  signal  was 
obtained  for  lipid  methyl  protons  but  polyethyleneglycol  chain  protons  were  found  to  pro¬ 
vide  signals  at  3.7  ppm.  Numerous  NMR  techniques  have  been  applied  for  the  assessment 
of  nanoparticles  using  aH  NMR,  magic-angle  spinning  (MAS)  NMR  spectroscopy,  high- 
resolution  magic-angle  spinning  (HRMAS)  NMR  spectroscopy,  correlation  spectroscopy 
(COSY),  total  correlation  spectroscopy  (TOCSY),  and  heteronuclear  single  quantum  coher¬ 
ence  (HSQC).  Among  all  methods,  aH  HRMAS  NMR  is  an  irreplaceable  method  for  full 
characterization  of  molecules  bound  to  nanoparticle  surfaces. 

For  example,  surface  characterization  of  iron  oxide  nanoparticle  was  performed  using 
NMR.  Here,  oleic  acid  surfactant  was  utilized  for  preparation  of  the  nanoparticle.  Elaidic 
acid,  considered  as  another  trans  isomer  of  oleic  acid,  was  also  utilized  as  a  surfactant  for 
£-Fe203  synthesis.  Fig.  10.6  showed  a  comparison  of  the  1H  NMR  spectra  of  oleic  acid 
alone  (A),  the  ligand  comprising  Fe203  nanocrystals  (B),  and  nanocrystal  in  which  surfac¬ 
tant  was  present  (C).  Iron,  existing  as  paramagnetic,  is  recognized  for  its  broad  iconic  reso¬ 
nances  in  1H  NMR.  Consequently,  the  precise  resonances  were  unanticipated  in  the  1H 
NMR  of  surfactant  comprised  £-Fe203  nanocrystals,  as  presented  in  Fig.  10.6.  The  1H 
NMR  of  Fe203  (Fig.  10.6)  was  found  to  be  completely  dissimilar  from  wholesome  oleic 
acid.  Certainly,  it  showed  a  lack  of  vinyl  and  allyl  proton  resonances  that  were  observed 
at  5.5  and  2.0  ppm  in  the  oleic  acid  spectra.  The  absence  of  allyl  and  vinyl  bands  advised 
the  reduction  of  double  bond  present  in  the  oleic  acid  while  nanocrystals  were  formed. 
The  targeting  ligand  was  detached  from  the  surface  of  the  nanocrystal  by  means  of  hexane 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


VARIOUS  TECHNIQUES  TO  CHARACTERIZE  NANOPARTICLES 


383 


FIGURE  10.6  1H  NMR  of  oleic 
acid  (A),  surfactant  bound  to  Fe203 
nanocrystals  (B),  and  surfactant 
removed  from  the  Fe203  surface 
(C).  Source:  Adapted  with  permission 
from  Willis ,  AL.,  Turro ,  N.J., 

O'Brien ,  S.,  2005.  Spectroscopic  char¬ 
acterization  of  the  surface  of  iron  oxide 
nanocrystals.  Chem.  Mater.  17  (24), 
5970-5975. 


ethanol  dispersion  mixture.  Characterization  of  surfactant  was  consequently  done  through 
1H  NMR,  which  also  proved  that  the  detached  ligand  was  not  oleic  acid.  The  1H  NMR 
spectral  results  of  the  material  that  was  exposed  at  the  surface  of  the  nanoparticles  also 
displayed  nonappearance  of  the  allylic  and  vinylic  resonances  that  was  observed  in  the 
case  of  the  oleic  acid  spectra  (Willis  et  al.,  2005). 


10*3*7  Flow  Property  Analysis 

The  ability  of  nanoparticle  powders  to  move  from  one  place  to  another  place  upon 
movement  is  called  the  flow  property.  It  depends  on  numerous  factors  that  include  parti¬ 
cle  size  distribution,  the  shape  of  the  particle,  chemical  composition,  moisture,  and  tem¬ 
perature.  Parameters  measured  to  evaluate  flow  properties  are  bulk  density,  tapped 
density,  Carr's  compressibility  index,  Hausner  ratio,  the  angle  of  repose,  and  shear  cell 
determination  (Baldelli  et  al.,  2015). 

In  context,  Chakraborty  et  al.  prepared  stearic  acid  constructed  nanoparticles  comprised 
of  carvedilol  phosphate.  These  nanoparticles  were  prepared  using  solvent  emulsification 
evaporation  method  in  the  presence  of  sodium  taurocholate  solution  (I — KH2P04/Na0H 
or  II — NaH2P04/Na2HP04)  with  1%  polyvinyl  alcohol  (PVA).  Neusilin  US2  was  utilized 
as  an  adsorbent  for  the  prepared  nanoparticles  and  nanoparticles  were  adsorbed  through 
nanodispersion  Neusilin  US2  column.  The  flow  properties  of  casted  nanoparticles  were 
estimated  through  an  angle  of  repose  by  means  of  funnel  technique.  The  precisely  bal¬ 
anced  powder  was  added  in  a  funnel  preserved  at  4  inches  above  a  bottom  flat  surface. 
The  free-flowing  powder  was  passed  through  the  funnel.  Then,  the  height  and  diameter  of 
the  powder  cone  were  measured  to  calculate  the  angle  of  repose  by  following  Eq.  (10.3). 

q  =  tan  - l  h/r  (10.3) 
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Drug-Aeroperl  composite 


FIGURE  10.7  Flowability 
index  of  drug  Aeroperl  composi¬ 
tion  where  the  composition  of 
the  drug  was  5  %w/w.  Red  line 
indicates  reference  Avicel  PHI  02. 
CBZ,  carbamazepine;  CEL ,  cele- 
coxib;  GPS,  griseofulvin;  RTV, 
gitonavir.  Source:  Adapted  with 
permission  from  Sun,  W.-J., 
Aburub,  A.,  Sun,  C.C.,  2018.  A 
mesoporous  silica  based  platform  to 
enable  tablet  formulations  of  low 
dose  drugs  by  direct  compression. 
Int.  J.  Pharm.  539  (1),  184-189. 


Where  c\  denotes  for  the  angle  of  repose,  h  represents  height  in  cm  of  the  powder  cone, 
and  r  represents  the  radius  in  cm  of  the  powder  cone.  The  resulting  angle  of  repose  for  the 
lyophilized  nanoparticles  was  37.8  ±  2.31  degrees.  Based  on  this  angle  of  repose,  the  pow¬ 
der  had  a  fair  flow  property.  Sun  et  al.  prepared  mesoporous  silica  nanoparticle  comprised 
tablets  by  direct  compression  technique.  For  obtaining  content  uniformity,  the  researchers 
used  Aeroperl  (mesoporous  silica).  Flowability  index  of  Aeroperl  and  other  drug  compo¬ 
nents  were  found  to  be  excellent  with  greater  flowability  with  less  than  5%  deviation.  No 
change  in  surface  morphology  of  drug  comprised  mesoporous  silica  particles  was 
observed  and  they  were  successfully  utilized  for  low  dose  oral  tablet  preparation  as  shown 
in  Fig.  10.7  (Sun  et  al.,  2018). 


10*3*8  Hygroscopicity 

Hygroscopicity  is  the  propensity  for  a  material  to  absorb  or  release  water  in  the  form  of 
vapor  from  the  surrounding  air.  The  property  of  hygroscopicity  has  a  high  impact  on  the 
side  effects  of  nanoparticles,  such  as  NaCl,  (NH4)2  S04,  KC1,  NH4N03,  MgCl2,  and  CaCl2, 
related  to  hygroscopicity  such  as  deliquescence  relative  humidity  and  hygroscopic  growth 
factor.  For  this,  the  hygroscopicity  tandem  differential  mobility  analyzer  (HTDMA),  which 
is  comprised  of  two  nanodifferential  mobility  analyzers  and  two  regular  differential  mobil¬ 
ity  analyzers  to  determine  the  change  in  particle  size.  TEM  is  also  applicable  to  examine 
the  size  of  a  particle  with  aided  particle  morphology,  which  may  be  affected  through 
hygroscopic  properties  (Bezantakos  et  al.,  2016). 

Hygroscopicity  factors  are  the  main  reasons  for  aerosol  particle  growth  by  means  of 
water  vapor,  the  efficiency  of  particle  scattering,  and  the  probability  for  the  development 
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of  cloud  condensation  nuclei.  Likewise,  a  precise  detection  of  hygroscopic  characteristics 
of  nanoparticles  is  vital  for  the  superior  understanding  of  atmospheric  nanoparticle  devel¬ 
opment  and  progress  (Cheng  et  al.,  2015).  Hygroscopic  characteristics  such  as  deliques¬ 
cence  relative  humidity  and  nanoparticle  growth  factor  might  not  be  similar  as  for 
submicron  or  larger  particles.  For  instance,  theoretical  estimation  of  the  growth  factor  by 
means  of  the  Kelvin  rectification  would  not  serve  to  precisely  define  hygroscopic  activities 
of  nanoparticles. 

Therefore,  hygroscopic  properties  of  nanoparticles  that  differ  with  size  and  physical 
properties  must  be  emphasized.  Besides,  collectively  HTDMA  method  through  TEM  to 
evaluate  the  hygroscopic  characteristics  of  numerous  sizes  determined  nanoparticles,  for 
example,  NaCl,  (NH4)2S04,  KC1,  NH4N03,  MgCl2,  and  CaCl2.  These  materials  might  be 
probable  applicants  for  components  of  hygroscopic  nanoparticles  in  the  ambient  atmo¬ 
sphere,  and  also  to  examine  the  possible  consequence  of  particle  construction  or  morphol¬ 
ogy  on  the  hygroscopic  characteristics.  Two  dissimilar  particle  formation  approaches,  that 
is,  atomizer  versus  furnace  reactor  were  utilized.  An  amalgamation  of  nanodifferential 
mobility  analyzers  and  regular  differential  mobility  analyzers  was  prepared  to  evaluate 
particle  size  alteration  in  a  wide  particle  size  range  in  HTDMA  (Laskina  et  al.,  2015). 
Gashoul  et  al.  prepared  sulfonated  poly(ether  ether  ketone)  (SPEEK)  composite  membrane 
comprised  of  zirconium  oxide  nanoparticles.  The  microwave  induced  gel  was  loaded  into 
plain  and  nanoparticle  composed  SPEEK  membranes.  From  the  NMR  data,  65%  of  the 
degree  of  sulfonation  was  observed.  The  synthesized  SPEEK  membranes  had  higher  ther¬ 
mal  properties,  mechanical  durability,  enhanced  hydrolytics,  and  good  oxidative  stability. 
They  were  able  to  take  up  more  water  with  less  ion  exchange  capacity  (Fig.  10.8).  It  had 
greater  proton  conductivity  at  above  80°  C  and  comprised  greater  physicochemical  proper¬ 
ties  (Gashoul  et  al.,  2017). 


10*3*9  Receptor  Binding  Affinity 

Receptor  binding  affinity  of  nanoformulations  can  be  calculated  by  relative  binding 
affinity.  This  is  the  portion  of  the  drug  that  is  required  to  bind  to  the  site  of  action;  for  that 
it  must  have  the  highest  affinity  in  contrast  to  the  amount  required  to  accommodate  at  the 
site  of  action  for  which  it  has  lower  affinity.  As  the  ratio  of  binding  increases,  the  higher 
the  selectivity  of  the  said  drug.  Given  that  this  approach  deals  with  receptor  binding  affin¬ 
ity  of  nanoparticles,  it  includes  placing  a  receptor  in  a  cuvette  and  labeling  it  with  great 
affinity  radioactive  ligand  as  a  drug.  Subsequently,  the  drug  of  interest  whose  binding 
affinity  was  quantified  is  added  in  excess  quantity  to  a  sequence  of  test  tubes  comprising 
the  same  quantity  of  the  tagged  site  of  interest.  Whereas,  if  the  quantity  of  nonlabeled 
drug  was  enhanced,  it  is  replaced  by  the  radioactive  label  tagging.  Therefore,  %  occupancy 
of  the  drug  at  desired  sites  was  attained  by  means  of  a  certain  concentration  that  is  not 
labeled  and  could  be  determined  as  the  decrease  in  radioactivity  during  incubation  (Lara 
et  al.,  2017). 

Zhou  et  al.  prepared  immunoliposomal  nanoparticles  for  epidermal  growth  factor 
receptor  targeting  by  means  of  a  scFv  antibody.  That  modified  antibody  was  compared 
with  parenteral  scFv  CIO  antibody  for  receptor-mediated  targeting.  It  was  found  that  over 
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FIGURE  10.8  (A)  Water  uptake  at  different  temperature.  (B)  Obtained  water  content  at  different  temperature. 

(C)  After  loading  of  different  percentage  of  zirconium  oxide,  a  graph  of  water  uptake  vs.  time.  SPEEK,  sulfonated 
poly(ether  ether  ketone).  Source:  Adapted  with  permission  from  Gashoul,  E.,  Parnian ,  M.J.,  Rowshanzamir,  S.,  2017.  A 
new  study  on  improving  the  physicochemical  and  electrochemical  properties  of  SPEEK  nanocomposite  membranes  for 
medium  temperature  proton  exchange  membrane  fuel  cells  using  different  loading  of  zirconium  oxide  nanoparticles.  Int.  J. 
Hydrogen.  Energy  42  (1),  590-602. 


CIO  scFv  modified  scFv  were  found  to  be  3-  to  18-fold  enhanced  in  affinity  in  A431  EGFR 
overexpressed  cells  ( KD  =  15—88  nM).  After  incorporating  with  immunoliposomal  nano¬ 
particles,  affinity  was  enhanced  by  280-fold  toward  EGFR  using  the  scFv  antibody  as 
shown  in  Figs.  10.9  and  10.10  (Zhou  et  al.,  2007). 


10*3*10  Protonation  Behavior 

Nanoparticles  have  revealed  an  incredible  potential  for  effective  delivery  of  drugs 
because  of  their  small  size  and  cell  membrane  infiltration  abilities.  Cellular  targeting 
by  means  of  nanoparticles  is  usually  attained  through  surface  modifications  via  ligand 
conjugation.  This  conjugation  can  be  attained  by  means  of  the  protonation  method. 
Nanoparticle  protonation  could  increase  the  crosslinking  that  can  reduce  the  size  of  nano¬ 
particles  (Sazegar  et  al.,  2014). 
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FIGURE  10.9  (A)  Affinity  of  EGFR- targeted  scFv  immunoliposomal  nanoparticle  over  nontargeted  in  EGFR- 

overexpressing  cell  MDAMB468.  (B)  Flow  cytometry  data  of  uptake  of  EGFR-targeted  scFv  immunoliposomal 
nanoparticle.  MFI,  mean  fluorescent  intensity;  NT,  nontargeted.  Source:  Adapted  with  permission  from  Zhou,  Y., 
Drummond,  D.C.,  Zou,  H.,  Hayes,  M.E.,  Adams,  G.P.,  Kirpotin,  D.B.  et  al,  2007.  Impact  of  single-chain  Tv  antibody  frag¬ 
ment  affinity  on  nanoparticle  targeting  of  epidermal  growth  factor  receptor-expressing  tumor  cells.  J.  Mol.  Biol.  371  (4), 
934-947. 
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FIGURE  10.10  (A)  Effect  of  scFv  affinity  and  scFv  surface  density  on  internalization  of  EGFR-targeted  immu¬ 

noliposomal  nanoparticle  and  uptake  of  EGFR  immunoliposomal  nanoparticle  with  different  scFv  surface  densi¬ 
ties  into  MDAMB468  cells.  (B)  Apparent  KD  of  immunoliposomal  nanoparticle  with  a  surface  density  of  74  scFv/ 
liposome  for  MDAMB468  cells.  (C)  Uptake  of  EGFR  immunoliposomal  nanoparticle  with  different  scFv  surface 
densities  into  MDAMB231  cells  compared  with  A431  cells.  ILs,  immunoliposomes;  MFI,  mean  fluorescent  inten¬ 
sity.  Source:  Adapted  with  permission  from  Zhou,  Y.,  Drummond,  D.C.,  Zou,  H.,  Hayes,  M.E.,  Adams,  G.P.,  Kirpotin,  D. 
B.  et  al.,  2007.  Impact  of  single-chain  Fv  antibody  fragment  affinity  on  nanoparticle  targeting  of  epidermal  growth  factor 
receptor-expressing  tumor  cells.  J.  Mol.  Biol.  371  (4),  934—947. 
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For  example,  scientists  have  studied  the  importance  of  protonation,  which  helps  in 
conjugating  transferrin  with  cerium  oxide  nanoparticles.  The  cerium  oxide  nanoparticles 
were  protonated  initially  and  then  were  conjugated  by  transferrin  to  improve  the  target¬ 
ing  of  the  nanoparticles.  This  conjugation  led  to  the  formation  of  nanoparticles  that  were 
efficacious  and  stable.  The  cellular  uptake  of  the  nanoparticles  into  cancerous  cells  was 
also  improved  by  using  transferrin  (Mazzolini  et  al.,  2016).  The  difference  in  tenancy 
could  be  planned  purposely  by  changing  the  concentration  of  the  drug  and  thus  the 
affinity  could  be  determined.  Mazloomi-Rezvani  et  al.  prepared  different  polymeric  gold 
nanoparticles  by  inverse  emulsion  polymerization.  Different  polymers  were  utilized  as 
the  nanoparticle  shells,  such  as  poly(acrylic  acid)  (PAA),  poly(methacrylic  acid)  (PMAA), 
poly(N-isopropylacrylamide)  (PNIPAAm),  poly[N,AT -methylene  bis(acrylamide)]  (PMBA), 
poly(2-hydroxyethyl  methacrylate)  (PHEMA),  and  poly[(2-dimethylamino)ethyl  methacry¬ 
late]  (PDMAEMA).  Gold  cored  nanoparticles  loaded  with  doxorubicin  were  observed  for 
drug  release  under  conditions  of  dark  as  well  as  after  irradiation  of  NIR  light.  Results 
showed  that  in  acidic  conditions,  doxorubicin  release  was  improved  due  to  protonation 
release.  Also,  after  irradiation,  release  was  improved  significantly,  as  shown  in  Fig.  10.11 
(Mazloomi-Rezvani  et  al.,  2018). 


10*3*11  Rheological  Analysis 

A  division  of  mechanics  is  the  complex  study  of  the  material  responses  of  substances  in 
reaction  to  mechanical  force  and  including  materials  such  as  liquids,  but  also  semisolids, 
gels,  pastes,  and  solids.  The  term  rheology  was  devised  in  the  1920s  to  signify  the  discipline 
of  the  distortion  and  flow  of  a  substance  by  Eugene  C.  Bingham,  a  professor  at  Lafayette 
College.  Rheology  relates  complex  structured  substances  such  as  muds,  polymers,  and  pet¬ 
rochemicals,  whose  flow  cannot  be  characterized  by  a  single  value  of  viscosity.  There  are 
two  distinctively  different  types  of  rheometers:  rotational  or  shear  rheometers  and  exten- 
sional  rheometers  (Malkin  and  Isayev,  2017). 

Captivatingly,  progression  in  investigation  revealed  that  nanotechnology  advances  the 
rheological  characteristics  of  surfactant-based  fluids  as  well  as  polymeric  fluids. 
Rheological  examination,  an  indispensable  technique  to  examine  the  assembly  and  fea¬ 
tures  of  polymers,  was  introduced  for  the  linear  viscoelastic  conduct  of  multiphase  disper¬ 
sals  (Fakoya  and  Shah,  2018). 

Wang  et  al.  prepared  thermosensitive  poly(N-isopropylacrylamide-co-acrylamide) 
(NIPAAm)  nanogels  with  diverse  monomer  alignments  by  means  of  the  precipitation 
polymerization  method.  The  molar  ratio  of  NIPAAm  and  acrylamide-co-acrylamide  was 
95:5,  90:10,  and  85:15.  Accordingly,  the  equivalent  models  were  defined  as  N-5,  N-10,  and 
N-15.  The  dispersions  of  these  thermosensitive  nanogels  in  water  at  9  wt.%  of  nanogel  par¬ 
ticles  in  PBS  displayed  in  situ  gelable  features. 

A  strain-controlled  rheometer  (ARES  2000,  TA  Instruments)  fortified  with  a  parallel 
platter  (F40  mm)  was  utilized  to  determine  the  rheological  characteristics  of  nanogel 
aqueous  dispersions.  A  steady-state  sweep  test  and  dynamic  frequency  sweep 
rheological  examination  established  that  the  nanogel  dispersions  follow  pseudoplastic 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


(A) 


(B) 


(C)  Time  (h)  (D)  Time  (h) 


Time  (h)  Time  (h) 


FIGURE  10.11  In  vitro  release  of  doxorubicin  from  Au-polymeric  nanoparticle.  (A)  Release  from  the  Au-PAA 
from  pH  7.4  and  pH  5.3  in  presence  of  IR  and  dark  room  condition.  (B)  Release  from  Au-PMAA  from  pH  7.4  and 
pH  5.3  in  presence  of  IR  and  dark  room.  (C)  Release  from  the  Au-PNIPAAm  from  pH  7.4  and  pH  5.3  in  presence 
of  IR  and  dark  room.  (D)  Release  from  the  Au-PMBA  from  pH  7.4  and  pH  5.3  in  presence  of  IR  and  dark  room. 
(E)  Release  from  the  Au-PHEMA  from  pH  7.4  and  pH  5.3  in  presence  of  IR  and  dark  room.  (F)  Release  from  the 
Au-PDMAEMA  from  pH  7.4  and  pH  5.3  in  presence  of  IR  and  dark  room.  PAA,  poly  (acrylic  acid);  PMAA,  poly 
(methacrylic  acid);  PMBA ,  polyCN^-methylenebisCacrylamide));  PNIPAAm,  poly(AMsopropylacrylamide).  Source: 
Adapted  with  permission  from  Mazloomi-Rezvani,  M.,  Salami-Kalajahi,  M.,  Roghani-Mamaqani,  H.,  2018.  Fabricating  core 
(Au)-shell  (different  stimuli-responsive  polymers)  nanoparticles  via  inverse  emulsion  polymerization:  comparing  DOX 
release  behavior  in  dark  room  and  under  NIR  lighting.  Colloids  Surfaces  B:  Biointerfaces  166,  144—151. 
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liquid  rheology  at  room  temperature.  At  constant  shear  rate  viscosity,  the  nanogel 
was  enhanced  as  an  increment  of  the  acrylamide  content.  At  a  temperature  of  37°C, 
the  pseudoplastic  liquid  converted  into  elastic  solid  materials  owing  to  sol— gel 
phase  conversion  of  the  nanogel  dispersion.  Dynamic  temperature  incline  circle 
curves  suggest  that  the  sol— gel  conversion  was  adjustable  with  a  clear  hysteresis 
(Wang  et  al.,  2009). 


10*3*12  Magnetic  Property  Analysis 

Magnetic  property  analysis  can  be  done  using  an  Integrated  MicroHall  Magnetometer. 
Quick  characterization  of  magnetic  nanoparticles,  particularly  magnetic  instants,  expe¬ 
dite  optimization  of  synthesis  of  the  particle  as  well  as  quicken  assay  progress  (Min 
et  al.,  2017).  Researchers  have  described  a  compressed  and  cheaper  magnetometer  for 
quick,  on-site  magnetic  nanoparticle  characterization.  This  system  was  named  an  inte¬ 
grated  microHall  magnetometer  (z'HM)  and  was  made  up  by  means  of  normal  semicon¬ 
ductor  parts:  an  array  of  Hall  sensors,  transistor  switches,  and  amplifiers.  They  were 
combined  into  a  single  chip,  which  improved  recognition  sensitivity  and  enabling  chip 
processes  (Fodil  et  al.,  2016). 

Available  conventional  magnetometers  such  as  superconducting  quantum  interference 
devices  and  vibrating  sample  magnetometers  are  usually  applied;  however,  accessibility  is 
frequently  inadequate  in  many  laboratories.  Further,  bench-top  analytical  models  repeat¬ 
edly  necessitate  large  quantities  of  magnetic  nanoparticles  (Kons  et  al.,  2017).  Hall  effect 
magnetometers  have  been  accepted  for  point-of-use  magnetic  nanoparticle  characteriza¬ 
tion.  Hall  magnetometry  proposed  numerous  practical  compensations.  It  undertakes  a  lin¬ 
ear  response  over  several  types  of  magnetic  field  strength.  Large  polarizing  magnetic 
fields  (>1.0T)  which  efficiently  magnetize  nanoparticles  and  also  useful  devoid  of  satu¬ 
rating  the  sensors.  Hall  sensors  could  be  utilized  to  evaluate  the  whole  magnetic  response 
of  magnetic  nanoparticles  (Araujo  et  al.,  2017). 

Min  et  al.  utilized  the  z'HM  system  to  distinguish  mammalian  cancer  cells.  The  sensor 
was  first  standardized  for  output  by  means  of  measuring  Hall  signals  (at  HDC  =  0  kA/m) 
at  dissimilar  magnetic  nanoparticle  concentrations  (Fig.  10.12)  (Min  et  al.,  2017). 
The  Hall  voltage  was  linear  relative  to  the  magnetic  nanoparticle,  which  allowed  measur¬ 
able  evaluation  on  targeted  molecular  levels.  Cancer  cells  were  profiled  by  means  of 
epidermal  growth  factor  receptor  targeting  and  epithelial  cell  adhesion  molecule. 
Biotinylated  antibodies  were  incubated  with  ovarian  cancer  cells  and  further  tagged 
with  streptavidin-gated  magnetic  particles.  Afterward,  extra  particles  were  removed 
and  cells  were  loaded  into  the  z'HM  device  via  the  microfluidic  well  construction. 
Fig.  10.12B  displays  single-cell  magnetization  pattern  for  diverse  markers.  Samples  were 
also  incubated  with  IgG  as  a  control  for  nonspecific  binding.  The  manifestation  levels  of 
matching  target  molecules  (EGFR,  EpCAM)  were  measured  by  means  of  deducting  base¬ 
line  yield  Hall  voltage  from  output  Hall  voltage  at  zero  DC  magnetic  field  (Fig.  10. 7C). 
The  fluorescent  intensities  observed  from  the  results  correlated  with  the  z'HM  results 
(Min  et  al.,  2017). 
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FIGURE  10.12  Application  of  iHM  system.  (A)  The  iHM  system  was  calibrated  by  measuring  the  Hall  volt¬ 
age  outputs  of  serially  diluted  Zn0.4Fe2.6O4  magnetic  nanoparticle  (MNP)  samples.  The  Hall  signal  was  linearly 
proportional  to  magnetic  nanoparticle  concentrations.  (B)  Ovarian  cancer  cells  were  labeled  with  magnetic 
nanoparticles  specific  to  EGFR  or  EpCAM.  The  xv  curves  of  a  single  cell  were  measured  and  quantified  by  the 
iHM  system.  The  Hall  voltage  at  Hext  =  0  is  proportional  to  marker  expressions,  a.u.,  arbitrary  unit.  (C) 
Molecular  profiling.  The  expression  levels  of  target  markers  (EGFR,  EpCAM)  were  compared  for  OVCA420 
cells.  The  control  sample  was  OVCA420  cells  incubated  with  isotype-matched  IgG  antibody  and  magnetic  nano¬ 
particles.  Hdc,  direct  current  magnetic  field;  MNP ,  magnetic  nanoparticle.  Source:  Adapted  with  permission  from 
Min ,  C.,  Park,  ].,  Mun,  J.K.,  him,  Y.,  Min,  ].,  him,  J.W.,  Kang,  DM.,  Ahn,  H.K.,  Shin,  T.H.,  Cheon,  J.  and  Lee,  H.S.,  2017. 
Integrated  microHall  magnetometer  to  measure  the  magnetic  properties  of  nanoparticles.  Lab.  Chip.  17  (23),  4000—4007. 


10*3*13  Porosity  Analysis 

Porosity,  or  the  void  portion  in  a  substance,  can  be  a  critical  physical  property  of  parti¬ 
cles.  In  pharmaceutics,  the  porosity  can  help  to  predict  deformation  properties  during 
compression,  shelf  life,  moisture  penetration,  and  bioavailability.  Porosity  can  be  mea¬ 
sured  by  using  direct  method,  optical  method,  computed  tomography  method,  imbibition 
methods,  water  saturation  method,  mercury  intrusion  porosimetry,  gas  expansion  method, 
etc.  (Bawuah  et  al.,  2014). 

The  improvement  in  drug  and  imaging  substance  delivery  by  engineering  polymeric 
vehicles,  especially  in  the  area  of  polymer  nanoparticles,  is  an  area  that  is  continually 
growing.  The  free  volume  voids  are  significant  for  regulating  the  uptake,  storage,  and  sep¬ 
aration  as  well  as  release  of  the  bioactive  material.  Therefore,  with  the  intention  to  enhance 
their  performance,  the  broad  classification  of  free  volume  is  vital.  Pham  et  al.  determined 
the  porosity  of  synthetic  polymer  nanoparticles  by  means  of  positron  annihilation  lifetime 
spectroscopy  (PALS).  PALS  was  utilized  for  microporosity  study  of  polymers  as  well  as 
polymeric  blends  and/or  composites  (Patri  et  al.,  2006).  It  is  a  quantitative  tool  for  the 
evaluation  of  porosity  in  the  materials.  Nanoparticles  ranging  in  size  from  100  to  500  nm 
were  prepared  and  preserved  by  means  of  sulfonation.  PALS  method  was  used  to  evaluate 
the  porosity  of  particles  after  the  treatment  (Fan  et  al.,  2018). 

A  PALS  system  contained  a  quick  spectrometer  with  specific  detectors  encompassing 
a  BC418  plastic  scintillator  coupled  to  a  Burle  8850  photomultiplier  tube.  In  this 
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case,  30  |iCi  22  NaCl  bases  were  utilized  for  the  gathering  spectra.  Every  spectrum  com¬ 
prised  of  2  X  106  counts  was  examined  by  means  of  PAScual  software  version  1.3.0. 
PALS  had  demonstrated  itself  to  be  a  subtle  method  to  evaluate  the  free  volume  in  the 
synthetic  polymeric  particles.  The  consequences  display  that  the  unprocessed  polymer 
particles  had  similar  t3  values  however  significant  change  was  observed  in  individual 
t4  values.  Nanopore  size  for  the  treated  particles  was  comparable  but  no  evidence  of  t4 
was  there.  There  seems  to  be  an  outcome  of  particle  size  on  the  PALS  examination; 
conversely,  the  outcomes  were  found  indecisive  and  extra  work  was  necessary 
(Pham  et  al.,  2011). 


10*3*14  Tensile  Strength  Determination 

Tensile  strength  is  the  ability  of  a  material  to  withstand  resistance  under  pressure. 
Numerous  conventional  models  are  available,  for  example,  Halpin— Tsai  and  Mori— Tanaka 
for  Young's  modulus,  but  these  methods  are  not  effective  for  mechanical  characterization  of 
polymer  nanocomposites.  Whereas,  Nicolais— Narkis  and  Kunori— Geil  proposed  a  tensile 
strength  measurement  that  only  displays  an  interfacial  parameter,  which  established  the 
extent  of  interfacial  adhesion  among  polymer  and  nanoparticles  (Li  et  al.,  2017). 

Interphase  properties  determined  by  Young's  modulus  include  tensile /yield  strength. 
Interfacial  interactions,  adhesion,  and  the  interphase  characteristic  play  important  roles  in 
the  characteristics  of  polymer  nanocomposites.  Nevertheless,  discussed  models  were  prin¬ 
cipally  projected  for  microcomposites,  but  improvement  in  models  might  cause  errors. 
Consequently,  the  suggestion  of  a  modest  and  precise  model  for  effortless  determination 
of  nanocomposite  properties  that  considers  the  interphase  properties  as  well  as  the  level  of 
nanoparticles  aggregation/ agglomeration  was  greatly  respected.  Determining  tensile 
strength  in  case  of  polymer  particulate  nanocomposite  depends  on  the  material  and  inter¬ 
phase  properties  assessment  as  engaged  by  means  of  an  established  model  by  numerous 
equations  of  tensile  strength  and  the  cross  surface  area  has  been  demonstrated  as  shown 
in  Fig.  10.13  (Zare,  2016a,b). 

This  model  provides  the  tensile  strength  of  nanocomposite  supposing  the  thickness  of 
interphase  and  strength  plus  the  aggregated  nanoparticles  by  means  of  particle  size.  The 
average  levels  of  interphase  and  aggregation /agglomeration  can  be  certainly  evaluated. 
This  model  demonstrated  the  establishment  of  polymer  matrixes  owing  to  the  added 
nanoparticles  and  formation  of  an  interphase. 


10*4  CONCLUSION 


The  collective  characterization  plays  an  imperative  role  in  pharmaceutical  product 
development  of  nanoparticulate  systems-based  drug  formulations.  Such  nanosystems  need 
to  be  exhaustively  analyzed  in  developmental  laboratories  and  quality  control  environ¬ 
ments  to  optimize  their  preparation  strategy  as  well  as  performance  under  biological  set¬ 
tings.  Examination  of  nanoparticulate  systems  is  usually  done  in  physiologically 
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FIGURE  10.13  The  comparison  between  experimental  results  and  model  predictions  assuming  imperfect 
interfacial  adhesion  for  (A)  polyamide  6 /organically  modified  montmorillonite,  (B)  poly  (ethylene  terephthalate)/ 
montmorillonite,  (C)  polyethylene /polypropylene  grafted  with  maleic  anhydride /organically  modified  montmo¬ 
rillonite,  and  (D)  polypropylene /organically  modified  montmorillonite.  Source:  Adapted  with  permission  from  Zare, 
Y.,  2016a.  Effects  of  imperfect  interfacial  adhesion  between  polymer  and  nanoparticles  on  the  tensile  modulus  of  clay/polymer 
nanocomposites.  Appl.  Clay  Sci.  129,  65—70. 


applicable  environments  for  gaining  a  better  understanding  of  their  characteristics  in  an 
aqueous  solution,  where  DLS  was  applied  to  analyze  the  dimension  of  the  particle. 

On  the  other  hand,  for  the  primary  size  and  morphology  of  nanoparticles  in  dry  form, 
TEM  was  utilized.  In  the  case  of  nanosuspension,  size  was  measured  in  dried  form  after 
drying  the  sample  in  high  vacuum  conditions.  Furthermore,  for  visualization  and  confir¬ 
mation  of  individual  crystal  or  particle,  SEM  is  also  applicable.  The  topographical  exami¬ 
nation  may  also  be  performed  through  tapping  an  AFM  probe  on  the  surface  of  the 
nanoparticulate  sample.  AFM  may  be  also  applied  for  shape,  size,  and  structural  determi¬ 
nation  of  nanoparticle  dispersion  and  can  also  provide  information  on  the  aggregation 
pattern  of  nanoparticles.  Moreover,  EDEX  is  aiding  in  further  characterization  of  metal 
elements  from  nanoparticles,  such  as  cerium  oxide,  iron  oxide,  cobalt,  etc.,  through  the  use 
of  an  EDS  detector.  Additional  primary  characterization  includes  X-ray  diffraction  for 
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TABLE  10.1  List  of  Important  Parameters  for  the  Characterization  of  Nanoparticles 


Evaluation  Parameter  Techniques/Instrument  Used 

Particle  size  Dynamic  light  scattering  (Zetasizer) 

Surface  charge  (zeta  potential) 


Polydispersity  index  (PDI) 

Scanning  electron  microscopy 

Transmission  electron 
microscopy 

Atomic  force  microscopy  (AFM) 

Energy-dispersive  X-ray  analysis 
(EDEX) 


Scanning  electron  microscope  (SEM) 
Transmission  electron  microscopy  (TEM) 

Atomic  force  microscope 

Transmission  scanning  electron  microscope 


Significance  of  Determination 

Size  played  a  crucial  role  in  characterizing  NPs  and  is  responsible  for 
their  in  vitro  and  in  vivo  behavior 

A  critical  parameter  for  the  stability  of  nanoparticles  as  well  as 
evasion  of  the  immune  system 

Measures  the  width  particle  size  distribution;  PDI  varies  from  0  to  1 

Meant  to  analyze  surface  characteristics  of  nanoparticles 

Utilized  to  observe  the  morphology  of  nanoparticles  in  the  deeper 
layer 

Physical  scanning  of  nanoparticles  using  probe  tip  having  atomic  scale 
Used  for  accurate  dimensional  and  elemental  characterization 


Hemolysis 

Material  characterization 


Flow  property  analysis 


Spectrometry 

X-ray  diffraction  pattern  (XRD) 
Nuclear  magnetic  resonance  (NMR) 


Utilized  to  evaluate  the  hemolytic  action  of  nanoparticle 

Used  to  determine  crystal  structure,  crystallite  size,  and  its  strain 

Used  for  detection  of  standard  characterization  technique  of  organic 
molecules 


Bulk  density,  tapped  density,  Carr's  compressibility  To  evaluate  the  properties  of  nanoparticulate  powder  moving  from 

index,  Hausner  ratio,  the  angle  of  repose,  and  shear  one  place  to  another  place 

cell  determination 


Hygroscopicity 
Protonation  behavior 
Rheological  analysis 

Magnetic  properties  analysis 
Porosity  analysis 


Tensile  strength  determination 


Hygroscopicity  tandem  differential  mobility  analyzer 

By  means  of  different  pH  solution 

Rheometer 

MicroHall  magnetometer 


Determination  of  size  effect  on  nanoparticles 
Potential  for  effective  drug  delivery 

To  evaluate  rheological  characteristics  of  nanoparticle  and  its 
components 

To  evaluate  magnetism  of  magnetic  nanoparticle 


Direct  method,  optical  method,  computed  Aid  to  predict  deformation  properties  during  compression,  shelf  life, 

tomography  method,  imbibition  methods,  water  moisture  penetration,  and  bioavailability 

saturation  method,  mercury  intrusion  porosimetry, 
gas  expansion  method 


Halpin— Tsai  and  Mori— Tanaka  for  Young's  modulus 


Checks  the  ability  of  nanoparticle  to  withstand  resistance  under 
pressure 
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determination  of  crystal  structure  of  a  material  at  an  atomic  level  and  NMR  analysis  for 
structural  representation  of  molecules.  In  addition,  powder  properties  are  important  for 
characterization  of  the  nanoparticle  and  include  the  flow  of  powder,  porosity,  the  hygro¬ 
scopic  behavior  of  powder,  binding  affinity  with  protein  and  receptor,  the  behavior  of  pro¬ 
tonation,  rheology,  and  tensile  strength. 

With  the  increasing  importance  of  nanomaterials  in  fundamental  research  and  techno¬ 
logical  applications,  it  is  desirable  that  researchers  from  a  wide  variety  of  disciplines  rec¬ 
ognize  the  nature  of  these  often-unexpected  challenges  associated  with  reproducible 
synthesis  and  characterization  of  nanomaterials,  including  the  difficulties  of  maintaining 
desired  material  properties  during  handling  and  processing  due  to  their  dynamic  nature. 
It  is  equally  valuable  for  researchers  to  understand  how  characterization  approaches  can 
help  to  minimize  synthesis  surprises  and  to  determine  how  (and  how  quickly)  materials 
and  properties  change  in  different  environments.  Therefore,  evaluation  parameters  which 
are  important  for  NPs  characterization  are  represented  in  Table  10.1. 
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Abbreviations 

AFM 

atomic  force  microscopy 

APIs 

active  ingredients 

BBB 

blood— brain  barrier 

cGMP 

good  manufacturing  practice 

COSY 

correlation  spectroscopy 

DLS 

dynamic  light  scattering 

DRH 

deliquescence  relative  humidity 

EDAX 

energy-dispersive  X-ray  microanalysis 

EGFR 

epidermal  growth  factor  receptor 

EpCAM 

epithelial  cell  adhesion  molecule 

FEG 

filament  or  a  field  emission  gun 

FTIR 

Fourier  transform  infrared  spectroscopy 

GF 

growth  factor 

GIT 

gastrointestinal  tract 

HRMAS 

high-resolution  Magic-angle  spinning 

HSQC 

heteronuclear  single  quantum  coherence 

iHM 

integrated  MicroHall  magnetometer 

MAS 

Magic-angle  spinning 

MPS 

mononuclear  phagocytes  system 

OVCA420 

ovarian  cancer  cells 

PALS 

positron  annihilation  lifetime  spectroscopy 

PCS 

photon  correlation  spectroscopy 

PDI 

polydispersity  index 

PEI-TPP 

polyethylene  amine  and  triphosphate 

RBCs 

red  blood  cells 

SBF 

surfactant-based  fluids 

SEM 

scanning  electron  microscopy 
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TEM  transmission  electron  microscopy 

TGA  thermogravimetric  analysis 

TOCSY  total  correlation  spectroscopy 

XRD  X-ray  diffractometer 
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11.1  INTRODUCTION 


The  applications  of  polymers  in  drug  delivery  are  increasing  day  by  day  with 
the  advancement  in  polymer  chemistry.  These  advancements  have  been  used  for  the 
designing  of  various  types  of  new  drug  delivery  systems.  Polymers  are  the  chemical 
substances  composed  of  several  monomer  units  linked  together  with  the  help  of 
chemical  bonds.  The  bonds  and  monomer  units  decide  the  surface  and  bulk  properties 
of  the  polymers,  which  are  considerable  in  the  development  of  a  better  carrier  system 
for  the  drug  delivery  to  the  appropriate  site  (Sarkar  and  Alexandridis,  2015). 
Biodegradable  polymers  degrade  in  the  biological  environment,  that  is,  the  body,  as 
the  enzymes  break  the  bonds  between  the  monomer  units  and  convert  into  nontoxic, 
biocompatible  substances.  Block  copolymers  are  specific  types  of  polymers  comprised 
of  two  or  more  chemically  different  monomer  units  in  the  polymeric  chain  as  the 
different  monomer  units  provide  different  types  of  properties  to  the  polymer  (Gody 
et  al.,  2016).  In  this  chapter,  the  biodegradable  block  copolymers  (BBCs)  are  discussed 
in  detail  with  their  widely  used  applications  in  the  pharmaceutical  field. 
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11*1.1  Introduction  to  Polymers 

As  previously  discussed,  several  monomer  units  react  together  to  form  the  polymer. 
Nowadays,  the  polymers  are  used  everywhere  and  the  advancement  in  the  polymer's  prop¬ 
erties  make  them  better  for  daily  life  products.  The  applicability  of  the  polymers  in  the  phar¬ 
maceutical  field  has  been  a  crucial  step  in  the  development  of  novel  drug  delivery  systems. 
By  choosing  suitable  polymers,  the  delivery  of  a  drug  can  be  achieved  in  the  temporal  and 
spatial  manner  at  the  site  of  action.  The  polymers  may  be  either  biodegradable  or  nonbiode- 
gradable  in  nature,  depending  on  their  degradation  in  the  body  (Gandini  and  Lacerda,  2015). 


11*1*2  Biodegradable  Polymers 

The  applicability  of  biodegradable  polymers  has  been  increasing  in  day  to  day  life  because 
of  their  property  of  degradation  in  the  biological  environment.  From  the  synthesis  of  the  first 
synthetic  biodegradable  polymer,  that  is,  poly(glycolic  acid)  (PGA),  the  research  interest  has 
increased  for  the  development  of  advanced  drug  delivery  systems.  The  various  types  of  bio¬ 
degradable  polymers  have  been  already  used  for  different  types  of  applications  like  tissue 
engineering,  controlled  drug  delivery  systems,  gene  delivery,  regenerative  medicine,  etc. 
(Asghari  et  al.,  2017;  Doppalapudi  et  al.,  2014).  The  polymers  may  be  either  natural  or  syn¬ 
thetic  based  on  their  source  of  origin.  Most  of  the  biodegradable  polymers  are  crystalline  or 
semicrystalline  in  nature,  for  example,  poly(L-lactic  acid)  (PLLA),  poly(D-lactic  acid)  (PDLA), 
poly(propylene  glycol)  (PPG),  poly(hydroxyl  butyrate)  (PHB),  polyfe-caprolactone)  (PCL), 
poly(ethylene  glycol)  or  poly(ethylene  oxide)  (PEG  or  PEO),  poly(butylene  succinate)  (PBS), 
poly(p-dioxanone)  (PPDX),  PGA,  and  poly(3-hydroxy  alkanoate)  (PHA)  (Li  et  al.,  2015a,b,c). 


11*1*3  Biodegradable  Block  Copolymers 

Researchers  have  been  developing  a  variety  of  BBCs  in  the  area  of  medical  and  pharma¬ 
ceutical  applications  due  to  their  advanced  biocompatibility  and  biodegradability  proper¬ 
ties.  The  different  types  of  chemical  blocks  or  polymers  based  on  their  chemical  nature  can 
form  a  polymeric  chain  of  the  block  copolymer  (Shih  and  Zentner,  2016).  There  are  mainly 
three  types  of  block  polymers  present  on  the  basis  of  a  combination  of  chemical  blocks  in 
the  copolymers,  which  include  AB  diblock,  ABA  triblock,  and  multiarm  block  copolymers. 
The  copolymers  have  different  properties  such  as  biocompatibility,  biodegradability,  and 
mechanical  and  optical  properties  (Paul  et  al.,  2015).  These  properties  depend  upon  the 
structure  and  morphologies  of  the  block  polymers  during  the  crystallization  and  synthesis 
of  the  BBCs,  which  will  be  discussed  later. 


11*1*4  Advantages  of  Biodegradable  Block  Copolymers 

Currently,  BBCs  are  the  most  widely  used  polymers  in  several  types  of  carrier  systems 
for  the  drug  delivery  due  to  the  fact  that  they  offer  a  variety  of  benefits  as  given  below: 

•  The  BBCs  are  biologically  friendly  in  nature,  which  means  they  get  degraded  in  the 
biological  environment  and  eliminated  through  the  renal  route.  The  degraded  products 
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are  safe;  because  of  their  lower  molecular  weight  they  are  filtered  through  the  renal 
membrane  and  removed  from  the  body. 

•  The  amphiphilic  BBCs  provide  stability  to  the  colloidal  drug  delivery  systems  to 
protecting  them  from  the  nonspecific  reticuloendothelial  system  (RES)  uptake  (Ilium 

etal.,  1987). 

•  They  are  useful  in  the  successful  delivery  of  protein  and  peptide  drugs  in  a  controlled 
and  systemic  manner  for  a  long  duration  of  time  (Cao  and  Shoichet,  1999). 

•  The  BBCs  are  biocompatible  and  biodegradable  in  nature,  therefore  they  can  also  be 
used  in  the  tissue  engineering  applications,  like,  orthopedic  fixation  devices,  resorbable 
sutures,  etc.  (Middleton  and  Tipton,  2000). 


11.1.5  Need  for  Specific  Biodegradable  Materials  for  Drug  Delivery 

Various  biodegradable  polymers  have  been  used  for  several  types  of  drug  delivery 
systems,  but  some  of  the  delivery  systems  exhibit  problems  in  their  drug  release  and  sta¬ 
bility.  Therefore,  BBCs  are  used  for  a  specific  purpose  due  to  their  distinctive  material 
properties  or  structural  organization.  As  previously  discussed,  the  amphiphilic  BBCs  are 
used  for  the  protection  of  colloidal  systems  from  the  RES  uptake  and  prevent  the  burst 
release  of  protein  and  peptide  drugs  from  the  delivery  systems  (Ilium  et  al.,  1987;  Cao 
and  Shoichet,  1999).  Amphiphilic  BBCs  have  both  a  hydrophilic  and  lipophilic  end,  and 
the  balance  between  both  ends  is  a  prerequisite  for  the  development  of  the  successful 
delivery  system,  that  can  be  managed  by  using  suitable  block  copolymers.  The  BBCs  can 
also  be  employed  for  the  tissue  engineering  process,  as  they  provide  tissue  growth  fac¬ 
tors  in  in  vitro  cell  culture  and  in  the  regeneration  of  tissue  in  vivo.  The  properties  of 
polymers  are  of  prime  concern  in  the  tissue  engineering  process  for  the  interaction  of 
polymers  with  the  tissue  scaffold  and  the  release  of  tissue  growth  factors.  For  example, 
the  adsorbed  proteins  or  peptides  on  the  polymer  surface  may  contribute  to  the  adhe¬ 
sion  of  the  cells.  The  interaction  between  the  polymers  and  tissue  scaffold  decides  sev¬ 
eral  processes  during  the  tissue  progression  like  cell  proliferation,  differentiation,  and 
migration  (Dee  et  al.,  1998;  Kutikov  and  Song,  2015).  The  surface  adsorption  of  polymers 
with  proteins  or  peptides  may  also  be  helpful  in  the  cell  growth  and  proliferation,  for 
example,  fibronectin  adsorption  will  promote  the  cell  adhesion  for  the  healing  of  bone 
defects. 


11.1.6  Life  Cycle  of  Biodegradable  Polymer 

The  BBCs  are  long  chain  molecules  that  are  derived  from  natural  sources  or  made  up  of 
biobased  monomer  units.  After  the  degradation  of  these  polymers,  they  get  converted  into 
biocompatible  or  reusable  materials.  These  degraded  materials  may  be  transformed  into 
natural  resources,  from  which  these  polymers  will  be  synthesized  (Song  et  al.,  2009). 
Hence,  the  cycle  of  BBCs  may  remain  in  nature  and  may  be  commercially  more  important 
due  to  these  properties.  The  life  cycle  of  the  BBCs  is  shown  in  the  figure  as  given  below 
(Fig.  11.1). 
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FIGURE  11.1  The  life  cycle  of  biodegradable  block  copolymers. 


11.2  CLASSIFICATION  OF  BLOCK  COPOLYMERS 

The  polymers  are  mainly  classified  into  two  classes;  one  class  contains  only  the  same 
monomer  units,  called  homopolymers,  while  second  class  contains  more  than  one  type  of 
monomer  unit,  known  as  copolymers.  The  copolymers  may  be  further  classified  on  the 
basis  of  the  arrangement  of  monomers  and  may  be  following  types:  random  copolymers, 
block  copolymers,  alternating  copolymers  and  graft  copolymers  as  shown  in  Fig.  11.2 
(Leibler,  1980;  Aswal  and  Kohlbrecher,  2006). 

The  block  copolymers  are  the  type  of  polymer  in  which  two  or  more  monomer  units 
are  attached  together  to  form  a  block.  These  blocks  can  be  arranged  in  a  linear,  branched, 
or  star-shaped  structure  with  single,  double,  or  triple  bonds  between  the  carbon  and  other 
atoms.  The  block  copolymers  are  categorized  on  the  basis  of  the  number  and  the  architec¬ 
ture  of  blocks.  The  linear  copolymers  have  two  or  more  chains  attached  together  in  a 
sequence,  whereas  branched  or  star-shaped  copolymers  have  more  than  two  polymeric 
chains,  which  are  attached  to  multiple  or  single  points,  respectively  (Fig.  11.3).  The  block 
copolymer  may  be  represented  in  the  standard  abbreviated  form,  which  denotes  the  type 
of  blocks  in  the  copolymers,  for  example,  A-b-B  or  A-B  represents  the  two  types  of  blocks, 
that  is,  A  and  B  linked  together  to  form  the  block  copolymer.  There  may  be  various  num¬ 
bers  of  blocks  present  in  the  copolymers,  for  example,  two,  three  or  several  blocks  known 
as  diblock  copolymer  (A-B),  triblock  copolymer  (A-B-C/A-B-A),  or  star-block  copolymers, 
respectively  (Muller  and  Borisov,  2011;  Nace,  1996;  Rodriguez-Hernandez  et  al.,  2005; 
Smart  et  al.,  2008). 

Most  of  the  block  copolymers  are  marketed  under  the  brand  name  of  Pluronic  and 
Tetronic  by  the  BASF  Corporation.  Both  products  differ  in  respect  to  their  chemical  entity. 
The  pluronic  formation  is  initiated  with  the  polyethylene  glycol  moiety  while  the  tetronic 
copolymers  have  the  ethylenediamine  moiety.  The  pluronic  copolymers  are  represented 
with  some  coding  after  the  pluronic  name  and  the  first  letter  represents  the  physical  form 
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FIGURE  1 1.2  Classification  of  polymers. 
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FIGURE  1 1.3  Different  types  of  block  copolymers. 

(P  =  paste,  L  =  liquid,  or  F  =  flake)  of  the  polymer  at  room  temperature.  After  the  physical 
form  coding,  there  are  two  or  three  digit  numbers  in  which  the  first  or  first  two  number (s) 
(for  three-digit  number)  multiplied  by  300  indicate(s)  the  molecular  weight  of  the  hydro- 
phobic  chain  and  the  second  or  third  number  multiplied  by  10  exhibits  the  percentage  of 
hydrophilic  molecules  in  the  polymer.  For  example,  Pluronic  P65  indicates  a  polymer  in 
paste  form  having  a  hydrophobic  chain  molecular  weight  of  about  1800  and  50%  hydro¬ 
philic  content  (Nace,  1996;  Rodriguez-Hernandez  et  al.,  2005). 
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1 1 .3  SYNTHETIC  METHODS  OF  BLOCK  COPOLYMER 

The  synthesis  process  of  preparation  of  block  copolymers  exhibits  well-defined  proper¬ 
ties  and  structures  of  involved  monomers.  To  fulfill  the  biodegradation  properties  of 
prepared  block  copolymers,  the  various  structures  involved  in  the  development  should 
obey  the  following: 

•  The  chemical  structure  of  forming  units  should  be  analyzed  accurately  and  should  be  as 
uniform  as  possible; 

•  The  adjustable  molecular  weight  should  be  for  the  backbone  chain  or  arm  of  star  block 
copolymers  and  the  single  unit  block; 

•  The  polymer  block,  copolymers,  and  arms  of  the  star  block  should  have  very  narrow 
molecular  weight  distribution; 

•  The  arrangement,  type,  and  number  of  the  polymer  blocks  used  and  arms  of  star  block 
should  be  known; 

•  The  polymer  should  not  possess  nonremovable  impurity. 

Various  methods  have  been  successfully  used  for  the  preparation  of  different  types  of 
multiblock  copolymers. 

1.  Sequential  addition  of  the  monomer.  This  is  the  most  common  technique  used  to  synthesize 
polymers  by  using  the  monofunctional  initiating  system  to  form  AB,  ABC,  and  ABA 
type  and  by  using  bifunctional  initiator  to  form  BAB  and  CBABC  type. 

2.  Addition  of  the  monomers  at  the  same  time.  It  is  applicable  while  reactivity  of  the 
monomers  is  dissimilar  and  allows  a  mono  as  well  as  bifunctional  initiation.  Due  to  the 
difference  in  reactivities  of  various  monomers,  the  less  reactive  second  monomer  starts 
polymerization  immediately  subsequent  to  the  completion  of  polymerization  of  the 
more  reactive  first  monomer. 

3.  Coupling  of  homo-  or  block  copolymers.  AB,  ABA,  and  star-block  type  copolymers  can 
be  synthesized  by  coupling  of  the  various  terminal  functional  group  present  on 
homo  as  well  as  block  copolymers.  Homo-  and  copolymers  of  lactic  acid  and  glycolic 
acid  were  prepared  by  ring-opening  polymerization  and  broadly  used  in  drug 
delivery  due  to  advantages  of  controlled  release  and  high  degradation  rate  (Van 
Butsele  et  al.,  2007).  While  BAB-type  block  copolymers  can  be  synthesized  by 
coupling  the  diblock  copolymers  in  the  presence  of  hexamethylene  diisocyanate 
(Huh  et  al.,  2003). 

4.  Site  transformation  technique.  This  is  a  new  technique  developed  that  involves  the 
synthesis  of  the  block  copolymers.  In  this  technique,  monomers  having  entirely 
dissimilar  chemical  structures  are  used  and  can  be  polymerized  by  sequential 
addition  with  slight  variations  in  the  polymerization  technique  (Kumar  et  al.,  2001). 
Zaleska  et  al.  synthesized  a  novel  biocompatible,  amphiphilic,  BBC  of  polyvinyl 
alcohol  (PVA)  and  PCL,  which  was  known  as  PVA-b-PCL  by  the  transformation  of 
acid  hydrolysis  of  tert- butoxy  moiety  of  poly(fcrf-butyl  vinyl  ether)  (PTBVE)  in  poly 
(tert- butyl  vinyl  ether)-fr-poly(£-caprolactone)  (PTBVE-fr-PCL).  The  prepared 
copolymers  possess  a  well-defined  structure  with  narrow  molecular  weight 
distribution  (Zaleska  et  al.,  2009). 
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11*4  TYPES  OF  BIODEGRADABLE  COPOLYMER 

Biodegradable  polymers  possess  polymer  chains  that  are  enzymatically  or  hydrolyti¬ 
cally  cleaved,  thus  resulting  in  the  soluble  degradation  products.  There  are  different  types 
of  biodegradable  polymers  with  a  range  of  molecular  weights  and  degradation  rates. 


11.4.1  Pressure-Processable  Biodegradable  Block  Copolymers 

Pressure  is  considered  to  be  a  thermodynamic  alternative  to  temperature  for  bringing 
polymer  flow  and  enhancing  processability.  The  various  polymer  pairs  on  exposure  to 
pressure  exhibit  different  pattern  and  thus  have  been  termed  as  "soft"  and  "hard"  tex¬ 
tures  (low  and  high  Tg/  respectively)  at  room  temperature,  which  make  them  "baroplas- 
tic"  in  nature.  This  concept  is  providing  the  door  for  a  class  of  plastic  materials  that 
could  be  processed  through  the  application  of  hydrostatic  pressure  while  maintaining 
the  reduced  temperatures  required  for  traditional  melting  of  biodegradable  polyesters  as 
compared  with  normal  thermoplastic  processing.  The  pressure  helps  to  enhance  the  mis¬ 
cibility  of  the  blocks  as  observed  in  the  case  of  polystyrene-block-poly(n-butyl  methacry¬ 
late).  The  molding  through  pressure  at  low  temperatures  is  advantageous  as  it  reduces 
the  risk  of  chain  degradation  during  processing,  which  is  a  common  concept  seen  in  bio¬ 
degradable  plastics  (Lovell,  2005). 


11*4*2  Photocurable  Biodegradable  Block  Copolymers 

The  various  amphiphilic  BBCs  are  designed  to  be  used  as  hydrogels  on  exposure  to 
light.  These  polymers  are  organized  as  ABA  triblock  type  copolymers  comprised  of  a 
PEG  as  the  "B"  block  and  are  edged  by  "A"  segments  of  hydrolyzable  oligomeric 
poly(R-hydroxy  acid).  It  is  end-capped  with  polymerizable  acrylate  esters.  The  advan¬ 
tage  associated  with  these  types  of  polymers  is  that  they  show  the  striking  characteris¬ 
tics  of  getting  formulated  into  aqueous  solutions  that  are  proficient  in  quick 
polymerization  into  hydrogels  on  exposure  to  light.  The  event  of  getting  converted  into 
a  hydrogel  may  take  only  a  few  seconds  such  as  10—20  s  under  physiologic  conditions. 
This  rapid  polymerization  is  required  clinically  for  surgical  sealants  and  adhesives 
where  sol— gel  transformation  is  of  much  importance.  They  are  degraded  due  to  the 
presence  of  the  polyester  segments.  These  photoactivated  block  copolymers  are  studied 
and  are  applicable  for  different  biomedical  applications,  which  include  matrices  for 
drugs,  postsurgical  adhesion  barriers,  and  cell  encapsulation.  To  enhance  the  adhesion 
properties  of  these  polymers,  some  chemical  modification  of  the  polymer  may  be 
required  because  polymers  are  composed  primarily  of  PEG,  which  is  a  nonadhesive 
polymer  (Lee  et  al.,  2006). 


11*4*3  Stable  Biodegradable  Poly  (Vinyl  Ester)  Block  Copolymers 

Poly(lactide)  and  poly  (3-hydroxy  alkanoates)  are  common  biodegradable  polymers 
obtained  from  a  chemical  that  is  relatively  expensive  and  possesses  low  melt  stability. 
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This  is  a  challenge  to  various  processes  such  as  injection  molding  and  melt  extrusion. 
These  processes  can  lead  to  the  degradation  of  the  polymers  and  thus  lead  to  weakening 
their  mechanical  properties.  The  new  block  copolymers  resulting  from  vinyl  ester  mono¬ 
mers  are  able  to  overcome  the  stability  problem  and  have  the  power  of  much  higher 
melt  stability  being  biodegradable  and  biocompatible  materials  in  nature.  They  also 
show  the  advantage  of  being  produced  at  low  cost  from  existing  feedstocks.  Poly  (vinyl 
acetate)  and  PVA  are  the  two  homopolymer  blocks  commonly  used  to  produced  these 
types  of  materials.  Both  of  these  materials  are  considered  to  be  safe  by  the  FDA.  The  pro¬ 
duced  materials  have  a  variety  of  applications  from  biomedical  devices  to  chewing 
gum.  These  PVA-based  amphiphiles  have  both  hydrophobic  and  hydrophilic  blocks  and 
are  biodegradable  in  nature.  The  careful  selection  of  vinyl  esters  helps  them  to  get  poly¬ 
merized  into  a  block  copolymer  structure.  The  ester  functionalities  in  the  backbone  are 
perhaps  selectively  hydrolyzed,  which  could  unmask  a  PVA-block  in  a  hydrophi¬ 
lic-hydrophobic  diblock  copolymer.  The  rheological  properties  can  be  modified  due  to 
the  well-known  ability  of  PVA  to  self-associate  and  form  gels.  The  tunable  solution  so 
produced  shows  the  change  in  the  rheology  helps  to  couple  with  their  environmental 
degradability  and  makes  the  polymers  suitable  to  be  used  widely  (Mahanthappa  et  al., 
2016). 


11*4*4  Biodegradable  Thermogelling  Block  Copolymers 

Thermogelling  polymers  are  those  that  show  temperature-dependent  sol-to-gel  or  gel- 
to-sol  transitions  in  aqueous  solutions.  These  polymers  are  dissolved  in  water  at  low  or 
room  temperature.  But  when  administered,  they  undergo  a  sol— gel  transition  with  the 
rise  in  temperature.  These  materials  have  been  used  for  the  incorporation  of  various 
drugs  or  cells  into  thermogels  through  simple  mixing  with  polymeric  aqueous  solutions 
at  low  temperatures.  This  procedure  provides  the  advantage  of  escaping  from  the  dena- 
turation  of  sensitive  therapeutic  agents,  such  as  a  polypeptide  or  protein.  The  denatur- 
ation  may  occur  due  to  any  organic  solvent  and  high  temperature.  The  polymer  aqueous 
solution  provides  the  sustained  release  of  the  drug  from  the  depot  or  cell-growing 
matrix  when  administrated  by  a  conventional  syringe  due  to  the  spontaneous  transfor¬ 
mation  into  a  physical  hydrogel  at  the  injection  site.  The  various  thermoreversible 
sol— gel  transition  polymers  in  water  are  composed  of  block  copolymers,  which  consist 
of  hydrophobic  polyesters,  such  as  poly(lactic  acid-co-glycolic  acid)  (PLGA),  PCL,  poly 
G-caprolactone-co-glycolic  acid)  (PCGA),  and  hydrophilic  PEG.  This  is  due  to  the  good 
safety  profile  and  simplistic  synthesis. 

Chen  et  al.  reported  a  new  delivery  system  for  the  delivery  of  Liraglutide  (Lira) 
by  using  thermogelling  PEG/polyester  copolymers.  They  developed  two  types  of  ther¬ 
mogelling  polymers.  The  first  one  consists  of  PCGA-PEG-PCGA,  while  the  second  one 
consists  of  PLGA-PEG-PLGA.  These  were  soluble  in  water,  and  show  the  temperature- 
induced  sol— gel  transitions,  that  is,  they  are  injectable  at  room  temperature  and  gelled 
in  situ  at  body  temperature  (Chen  et  al.,  2016).  Some  scientists  have  been  used  thermo¬ 
gelling  copolymers  with  radiopharmaceutical  (Yttrium-90;  90Y)  for  brachytherapy  in 
solid  tumors  like,  hepatocellular  carcinoma. They  synthesized  combination  of  different 
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1  hr  24  hr  48  hr 


FIGURE  11.4  Micro-PET  scan  images  of 
mice  after  injection  of  200  [iL  of  90Y-loaded 
copolymer  hydrogels  (8  wt  %)  into  tumors 
of  the  mice.  (A)  90Y-FH1  hydrogel,  (B)  90Y- 
FHP1  hydrogel,  and  (C)  90Y-FHP2  hydrogel. 
Source:  Adapted  with  permission  from  Zhu,  J.L., 
Yu ,  S.WX,  Chow ,  P.K.H. ,  Tong ,  Y.W.  and  Li , 
/.,  2018.  Controlling  injectability  and  in  vivo  sta¬ 
bility  of  thermogelling  copolymers  for  delivery  of 
yttrium-90  through  intra-tumoral  injection  for 
potential  brachy  therapy .  Biomaterials ,  180 , 
pp.163—172. 
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thermogelling  polymers;  such  as  pluronic  FI 27  (F),  poly(3-hydroxylbutyrate)  (PHB)  (H), 
and  poly(propylene  glycol)  (PPG)  (P)  and  denoted  as  FH  and  FHP  copolymers  as  their 
contents.  FH1  denotes  the  two  polymers  F127  and  PHB  in  1.2:1  molar  ratio  while  FHP1 
and  FHP2  have  all  the  three  polymers,  F127/PHB/PPG  in  1.5:1  :1  and  1.5:1:2,  respec¬ 
tively.  The  in-vivo  tumor  biodistribution  study  after  the  intra-tumoral  injection  is  shown 
in  Fig.  11.4  as  given  below.  The  micro-PET  images  showed  that  there  is  no  leakage  was 
found  with  the  FHP1  even  after  the  48  hrs  while  leakage  from  FH1  present  in  the  first 
hour  of  the  injection  and  leakage  of  the  90Y  from  the  FHP2  also  significantly  present  as 
shown  in  the  Fig.  11.4.  Therefore,  the  FHP1  copolymer  chosen  to  be  best  delivery  system 
for  the  thermogelling  intra-tumoral  brachytherapy  (Zhu  et  al.,  2018). 

Tsai  et  al.  developed  thermogelling  polymers  consisting  of  poly  (cyclohexylene 
dimethylene  adipate)  and  PEG.  The  study  consisted  of  the  formation  of  a  series  of  ther¬ 
mogelling  polymers.  Triblock  copolymers  consist  of  poly  (ethylene  glycol  methyl  ether)- 
block-poly(cyclohexylene  dimethylene  adipate)-block-poly(ethylene  glycol  methyl  ether) 
and  multiblock  copolymers  consist  of  PEG-block-poly(cyclohexylene  dimethylene  adi¬ 
pate).  These  show  the  variation  in  the  solubility,  maximum  storage  modulus,  polymer 
micelle  packing  characteristics,  and  sol-to-gel  temperature  of  the  polymers,  which 
depends  upon  the  structure  and  the  molecular  weights  of  hydrophobic  and  hydrophilic 
blocks  (Tsai  et  al.,  2012). 
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11*4*5  Biodegradable  Poly(e-Caprolactone)-Poly(Ethylene  Glycol)  (PCL-PEG) 
Block  Copolymers 

PCLs  are  polyester  synthetic  polymers,  which  have  gained  immense  attention  in  the 
field  of  medical  applications.  PCL  is  a  well-recognized  biodegradable  and  biocompatible 
substance  and  is  widely  used  in  controlled  drug  delivery  as  well  as  in  tissue  engineering. 
It  provides  the  uniform  distribution  of  the  drug  in  formulation  matrix  and  long-term 
degradation  helps  in  the  release  of  the  drug  for  several  days.  PCL,  in  the  family  of  polye¬ 
sters,  shows  the  special  point  of  attraction  due  to  following  reasons:  it  is  biodegradable 
and  miscible  with  different  polymers,  it  gets  crystallized  very  readily,  lacks  toxicity,  and 
has  great  permeability  of  PCL  in  medical  applications.  Zhou  et  al.  synthesized  the  PCL- 
PEG  copolymers  PEG  and  e-caprolactone  (e-CL)  by  bulk  polymerization  using  stannous 
octoate  as  a  catalyst  at  160°C  (Zhou  et  al.,  2003).  These  polymers  are  applicable  in  the 
preparation  of  amphiphilic  block  copolymers  in  an  aqueous  environment,  having  a 
hydrophobic  core  by  the  self-assembling  of  lipophilic  parts  and  vice  versa.  Surface  modi¬ 
fication  is  a  common  approach  to  provide  biodegradability  in  the  polymers  as  it  is  per¬ 
formed  in  the  preparation  of  copolymer  PCL  and  PEG.  This  improves  the  biodegradable 
property  as  compared  with  the  PEG.  The  prepared  copolymer  shows  higher  mechanical 
properties,  hydrophilicity,  and  better  performance  in  the  cell  culture  studies  when  com¬ 
pared  with  MePEG  or  PCL  homopolymer  (Mohanty  et  al.,  2015).  Yan  et  al.  synthesized 
the  amphiphilic  PEG-PCL  block  copolymer  by  ring-opening  polymerization  and  used 
this  prepared  copolymer  for  the  preparation  of  PEG-PCL  nanoparticles  (NPs)  as  a  carrier 
for  the  delivery  of  Ginkgolide  B,  which  is  a  specific  and  selective  antagonist  of  platelet 
activating  factor.  The  prepared  NPs  show  better  encapsulation  efficiency  and  drug  load¬ 
ing  with  a  particle  size  of  60  nm.  The  surface  modification  of  the  NPs  with  Tween-80  is 
advantageous  in  brain  targeting  (Yan  et  al.,  2017). 


11*4*6  Thermosensitive  Biodegradable  Block  Copolymer 

The  aqueous  solutions  of  thermosensitive  BBCs  are  sensitive  to  change  in  temperature 
leading  to  gel— sol  transition  above  corresponding  critical  gel  concentration.  BBCs  of  low 
molecular  weight  PEG-PCL-PEG  were  effectively  synthesized  by  using  isophorone  diiso¬ 
cyanate  (IPDI)  as  the  coupling  agent.  The  property  of  gel— sol  transition  is  dependent 
upon  the  temperature  range  and  could  be  modified,  thus  providing  an  application  to 
be  used  in  injectable  drug  delivery  systems  (Gong  et  al.,  2007).  Biodegradable 
injectable  thermogelling  copolymers  are  found  to  be  applicable  for  the  delivery  of  pep¬ 
tides  by  providing  the  sustained  delivery.  Peptide  delivery  is  a  challenge  due  to  their 
short  residence  half-life  through  rapid  renal  clearance.  This  problem  is  overcome  by  the 
sustained  peptide  delivery  system  prepared  from  these  copolymers.  Some  common 
examples  are  modified  PEG /poly (propylene  glycol)  copolymers,  PLGA  or  PLLA/PEG 
copolymers,  PCL /PEG  copolymers,  poly([R]-3-hydroxybutyrate)/ poly  (propylene  glycol) 
copolymers,  poly(organo  phosphazenes),  poly  (propylene  fumarate)/PEG  copolymers, 
and  poly  (peptides). 
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11*4*7  pH-Sensitive  Biodegradable  Block  Copolymers 

Shim  et  al.  developed  a  pH  as  well  as  temperature  sensitive  BBC  that  was  injected  as 
hydrogel,  thus  acting  as  a  new  drug  delivery  system  for  the  delivery  of  the  anticancer 
drug  paclitaxel.  This  system  will  overcome  the  disadvantages  associated  with  the  delivery 
of  this  hydrophobic  molecule,  which  is  administered  through  a  nonionic  polyethoxylated 
castor  oil  solubilizer  called  Cremophor  EL.  Cremophor  EL  is  used  for  the  clinical  adminis¬ 
tration  of  paclitaxel.  The  synthetic  block  copolymer  consists  of  the  polyfe-caprolactone-co- 
lactide)-PEG  (PCLA-PEG)  group  to  form  the  pattern  OSM-PCLA-PEG-PCLA-OSM,  where 
sulfamethazine  (OSM)  as  an  end  group  forms  solution  in  a  range  of  concentrations.  The 
aqueous  solutions  of  these  block  copolymers  undergo  sol— gel  transition  performance  on 
changing  the  temperature  and  pH  under  physiological  conditions  (37°C,  pH  7.4).  The 
sol  —  gel  transition  block  copolymer  solutions  are  controlled  by  the  hydrophobic  to  hydro¬ 
philic  block  ratio;  PCLA/PEG,  PEG  length,  and  molecular  weight  of  the  OSM  oligomer. 
The  prepared  system  showed  the  sustained  release  profile  of  the  drug.  When  paclitaxel 
loaded  block  copolymer  is  injected  subcutaneously  in  the  form  of  solutions  to  tumor¬ 
bearing  mice,  they  showed  a  good  antitumor  effect  for  2  weeks,  resulting  in  strong  apopto¬ 
sis  in  tumor  tissue.  Hence,  this  prepared  block  copolymer  was  found  to  be  an  efficient  and 
effective  injectable  carrier  for  the  delivery  of  paclitaxel  (Shim  et  al.,  2007).  The  various 
active  moieties  or  cells  could  be  mixed  into  the  polymer  solution  of  low  viscosity  and  then 
injected  into  the  body  at  a  target  site  where  it  could  transform  into  an  in  situ  hydrogel 
depot.  Thus,  these  can  act  as  a  bioactive  molecule  releasing  carriers  or  a  cell-growing 
microenvironment  (Singh  and  Lee,  2014). 


11*4.8  Photolytic  Polymers 

The  photolytic  synthetic  copolymers  comprise  of  light-sensitive  chemical  additives  or 
copolymers,  which  are  used  for  the  purposes  of  weakening  the  bonds  of  the  polymer  in  the 
presence  of  ultraviolet  (UV)  radiation.  These  photosensitive  block  copolymers  have  been 
used  for  the  delivery  of  molecules  in  a  controlled  fashion  for  the  treatment  of  the  ailments. 
Various  stimuli  have  been  used  for  the  delivery,  including  temperature,  pH  values,  light, 
and  many  more.  Among  these  stimuli,  light  is  an  efficient,  noninvasive,  and  clean  approach 
that  has  been  extensively  used  in  biological  systems  to  trigger  a  response.  Hence,  the  photo- 
responsive  block  copolymers  have  gained  immense  attention  for  controlled  encapsulation 
and  to  trigger  the  release  of  encapsulated  molecules.  Different  strategies  used  in  the  develop¬ 
ment  of  photoresponsive  block  copolymers  are,  firstly,  spiropyran  and  azobenzene  moieties 
for  photoisomerization,  which  has  reported  reversible  morphological  changes  of  micelles  on 
UV  and  visible  light  exposure.  This  leads  to  the  assembly  or  disassembly  of  micelles  and  the 
release  of  encapsulated  substances.  To  develop  thermally  stable  block  copolymer  micelles 
(BCMs),  there  is  a  need  for  hydrophobic  cores,  which  are  essential  to  polymers  assembly. 
Thus,  moving  from  hydrophilic  cores  to  hydrophobic  disturbs  the  micelles  and  releases  the 
guest  molecules.  Secondly,  polymethacrylate  bearing  photolabile  pyrenyl,  coumarinyl,  and 
nitrobenzyl  moieties  are  used  as  pendant  groups  causing  the  formation  of  hydrophobic  cores 
in  photoresponsive  copolymer  micelles.  On  UV  irradiation,  these  pendant  moieties  get 
cleaved  from  the  polymers,  which  generates  hydrophilic  polymethacrylate  acid  (PMMA), 
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which  causes  micelle  dissociation  (Yu  et  al.,  2011).  Lee  et  al.,  developed  polymeric  micellar 
system  which  entrapped  photocleavable  linker  moiety  with  the  model  drug.  A  photocleava- 
ble  block  copolymer  have  been  developed  with  the  polymerization  of  2-(Trimethylsilyloxy) 
ethyl  methacrylate  (HEM  ATMS)  and  poly  (ethylene  oxide)  (PEO).  The  activated  model  drug 
was  reacted  with  2-nitrobenzyl  moiety  of  the  block  copolymer  to  produce  self-assembled 
micellar  formulation  in  water.  When  the  formulation  was  treated  under  UV  radiation  (about 
365  nm)  the  linking  between  the  2-nitrobenzyl  and  the  model  drug  has  been  cleaved  and 
thus  leads  to  release  of  the  model  drug  from  the  formulation  as  shown  in  the  Fig.  11.5  (Lee 
et  al.,  2014). 
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FIGURE  1 1.5  Schematic  representation  of  drug  conjugation  to  the  hydrophobic  block  through  photocleava¬ 
ble  linkers,  encapsulation  of  a  dye  within  the  hydrophobic  core  of  a  polymeric  micelle  on  micellization,  and 
the  subsequent  release  of  physically  entrapped  dyes  and  photo-dissociated  dyes  by  UV  irradiation.  Source: 
Adapted  with  permission  from  Lee ,  J.E.,  Ahnf  E.,  Bak ,  J.M.,  Jung ,  S.H.,  Park ,  J.M.,  Kim,  B.S.  and  Lee ,  H.I.,  2014.  Polymeric 
micelles  based  on  photocleavable  linkers  tethered  with  a  model  drug.  Polymer ,  55(6),  pp.1436—1442. 


FIGURE  1 1.6  Polymer  biodegradation  mechanism  with  water. 
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11*4*9  Hydrobiodegradable  Polymer 

Hydrobiodegradable  polymers  undergo  hydrobiodegradation,  which  is  initiated  by  the 
process  of  hydrolysis  as  shown  in  Fig.  11.6.  The  end  products  formed  on  hydrolysis  are 
carbon  dioxide,  water,  and  biomass.  Polyesters,  due  to  their  potentially  hydrolyzable  ester 
bonds,  are  a  class  that  is  crucial  and  plays  a  leading  role  in  the  hydrobiodegradable  poly¬ 
mer.  The  most  common  example  of  a  hydrobiodegradable  polyester  is  modified  polyethyl¬ 
ene  terephthalate  (PETP).  They  are  developed  as  a  hydrobiodegradable  polymer  . 

Cometa  et  al.  performed  the  XPS  analysis  of  PCL-PEG  hydrobiodegradable  copolymer  to 
characterize  them.  They  possess  various  PEG/PCL  concentration  ratio  and  molecular  weight. 


11*5  SOME  BIODEGRADABLE  BLOCK  COPOLYMERS 

Synthetic  biodegradable  polymers  have  been  an  attractive  resource  in  the  biomedical 
field  for  use  in  sutures,  orthopedic  fixation  devices,  drug  delivery  devices,  wound  dres¬ 
sings,  different  types  of  tissue  engineered  grafts,  temporary  vascular  grafts,  and  many 
more.  The  biodegradable  polymers  extensively  used  for  controlled  drug  release  include 
polyesters,  polyanhydrides,  poly(amino  acid),  poly(ortho  ester),  polyphosphazene,  poly¬ 
carbonate,  etc.  These  polymers  may  be  modified  as  required  by  copolymerization  with 
PEG  and  other  polymers. 


11*5*1  PEG-Based  Block  Copolymers 

PEG  has  found  much  progress  in  the  development  of  block  copolymers  for  biological 
and  biomedical  applications.  PEG-based  block  copolymers  are  of  substantial  significance 
in  the  fields  of  biosensing,  cell  and  tissue  engineering,  and  drug  delivery  systems.  PEG 
has  been  used  extensively  due  to  its  nontoxicity,  biodegradability,  biocompatibility,  water- 
solubility,  and  tailor-made  properties. 

11.5.1.1  Poly(Ethylene  Glycol) -Block-Poly (Sebacic  Anhydride)  Copolymers 

Polyanhydrides  are  biodegradable  polymers  and  have  been  used  for  drug  delivery  sys¬ 
tems,  due  to  their  chemical  properties  and  good  tissue  biocompatibility  in  vivo.  These 
polyanhydride  polymers  have  the  property  of  surface-eroding  in  an  aqueous  medium, 
thus  are  attractive  materials  for  controlled  release  of  the  drug  and  as  functional  soft 
tissue  substitutes.  Various  types  of  polyanhydrides,  such  as  aliphatic  polyanhydrides,  aro¬ 
matic  polyanhydrides,  crosslinked  polyanhydrides,  poly(ester-anhydride),  poly(ether 
anhydride),  and  poly(amide  anhydride)  have  emerged  for  use  in  various  applications.  But, 
only  poly(sebacic  anhydride)  (PSA)  and  its  derivatives  have  been  extensively  considered 
and  used  in  controlled  release  systems.  PSA  is  a  biodegradable  and  biocompatible  polyan- 
hydride.  The  poly(ester-anhydride)s  have  extended  advantages  as  compared  with  another 
polymer  alone  because  they  show  the  properties  of  both  bulk  degradation  and  surface  ero¬ 
sion,  which  are  shown  by  polyesters  and  polyanhydrides,  respectively  (Liang  et  al.,  2013). 

Chan  and  Chu  synthesized  a  novel  biomaterial  called  PSA-PEG  by  introducing  PEG 
into  a  polyanhydride  system  of  PSA.  PSA-PEG  copolymer  was  synthesized  by  using 
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FIGURE  11.7  Chemical  structure  of 
polyglycolic  acid  (PGA),  polylactic  acid 
(PLA),  and  poly  lactic-co-glycolic  acid 
(PLGA). 
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sebacic  acid  and  PEG  by  melt-condensation  polymerization.  The  introduction  of  the  PEG 
increases  the  crystallinity  of  PSA  chain  segments  through  increasing  the  chain  mobility, 
which  was  compared  with  the  polymer  blends  of  PSA  and  PEG.  However,  no  crystal  of 
PEG  component  was  observed  in  these  copolymers.  This  suggests  that  the  crystalline 
growth  of  the  PEG  segments  was  totally  hindered  due  to  the  presence  of  PSA  chain 
segments  (Chan  and  Chu,  2003). 

Zhang  et  al.  synthesized  the  three  types  of  amphiphilic  copolymers  of  PEG  and  PCL. 
They  prepared  the  star-shaped  block  and  linear  diblock  copolymers  of  PEG-PSA  with  dif¬ 
ferent  ratios  of  PEG  to  PSA  using  sebacic  anhydride  prepolymer  and  commercial  PEG 
(monomethoxy  PEG,  3-armed  or  4-armed  PEG)  by  melt  polycondensation  method  without 
using  a  catalyst  (Zhang  et  al.,  2006).  Zhang  and  Guo  also  synthesized  previously  the  bio¬ 
degradable  and  nontoxic  triblock  copolymer  PSA-PEG-PSA  with  fixed  PEG  chain  length 
(Zhang  and  Guo,  2006). 

Glycol  modified  PSA  can  be  prepared  by  melt  bulk  reaction  of  glycol  and  PSA  through 
the  formation  of  ester  bonds  at  the  polyanhydride  backbone.  The  thermal  properties  and 
crystallinity  of  modified  poly  anhydrides  are  investigated  by  using  DSC  and  XRD.  The 
degradation  rate  of  modified  PSA  is  slower  as  compared  with  PSA,  due  to  the  introduc¬ 
tion  of  the  glycol.  The  release  rate  of  the  drug  from  modified  PSA  discs  is  found  to  be 
slower  than  PSA  discs,  as  performed  on  dexamethasone.  It  also  does  not  show  any  initial 
burst  releases  for  13  days.  Therefore,  modified  PSA  is  a  promising  candidate  for  the 
controlled  release  of  the  drug  for  a  sustained  period  of  time  (Liang  et  al.,  2013).  The  chemi¬ 
cal  structures  of  PGA,  PLA,  and  PLGA  have  been  sown  in  Fig.  11.7. 

11.5.1.2  PEG-PLGA  Block  Copolymers 

Different  biodegradable  polymers,  such  as  PLGA,  PGA,  and  PLLA,  are  being  used 
extensively  in  biomedical  and  pharmaceutical  applications.  The  various  properties  and 
applications  of  these  biodegradable  polymers  have  been  discussed  in  Table  11.1.  These 
biodegradable  polyesters  have  some  limitations  in  drug  formulations  due  to  their  strongly 
hydrophobic  nature.  To  overcome  the  said  problem,  hydrophilic  and  other  physicochemical 
properties  of  PEG  have  been  incorporated  into  these  biodegradable  polyesters.  PLGA-PEG 
block  copolymers  have  been  widely  used  for  the  development  of  various  drug  formula¬ 
tions,  such  as  micelles,  micro /nanoparticles,  hydrogels,  injectable  drug  delivery  systems, 
and  tissue  engineering  scaffolds.  These  biodegradable  polyesters  have  been  broadly  used 
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TABLE  11.1  Properties  of  PGA,  PLA,  and  PLGA  (Huh  et  aL,  2003) 


Polymer 

Tg  (  C) 

Crystallinity 

Degradation  Rate 

Applications 

PGA 

35-40 

Highly  crystalline 

2—3  months 

Soft  anaplerosis,  sutures 

PLA  (d,  l  form) 

55-60 

Amorphous 

12—16  months 

Drug  delivery  system 

PLA  (l  form) 

60-65 

Semicrystalline 

More  than  24  months 

Ligament  augmentation,  fracture  fixation 

PLGA 

45-55 

Amorphous 

1—6  months 

Drug  delivery  microsphere,  sutures. 

oral  implants,  fracture  fixation 


in  the  pharmaceutical  and  biomedical  fields  due  to  their  unique  properties,  such  as  non¬ 
toxicity,  versatile  degradation  kinetics,  and  biocompatibility.  The  PLGA-PEG  block  copoly¬ 
mers  are  synthesized  by  using  stannous  octoate.  The  terminal  hydroxyl  (—OH)  groups  of 
PEGs  are  used  as  the  initiating  groups  for  the  synthesis  of  block  copolymers.  Ring¬ 
opening  polymerization  of  lactide  and  glycolide  is  initiated  by  dihydroxy  PEG  or  mono- 
methoxy  PEG.  This  helps  to  form  the  A-B-A  or  A-B  type  block  copolymers,  respectively. 
Hexamethylene  diisocyanate  for  coupling  the  diblock  copolymers  is  used  to  synthesize 
B-A-B  type  block  copolymers  (Huh  et  al.,  2003). 

The  PLGA-PEG  block  copolymers  show  the  property  of  thermogelation  at  physiological 
temperatures.  They  show  the  property  of  having  low  overall  molecular  weight  and  show 
the  balance  between  hydrophilic  and  hydrophobic  blocks.  This  allows  the  formation  of  bio¬ 
degradable  polymeric  materials,  which  can  form  aqueous  solutions.  This  useful  thermogela¬ 
tion  property  is  widely  used  for  drug  delivery  and  tissue  engineering  Garner  (2018). 
Thermo-induced  physical  hydrogel  was  prepared  for  the  amphiphilic  triblock  copolymer  as 
a  localized  delivery  system  of  doxorubicin  (Dox),  the  antitumor  drug.  The  system  exhibited 
a  reversible  sol— gel  transition  with  increasing  temperature,  and  the  gel  window  covered  the 
physiological  temperature  (37°  C),  with  lower  toxic  effects  and  higher  therapeutic  efficacy  as 
compared  with  two  injections  of  free  Dox  under  the  same  total  dose  (Yu  et  al.,  2013). 

Ghahremankhani  et  al.  developed  triblock  copolymers  in  the  form  of  PLGA-PEG- 
PLGA.  This  block  copolymer  was  used  to  develop  an  in  situ  gel  for  the  delivery  of  pep¬ 
tide,  and  they  recorded  the  effect  of  formulation  properties  on  the  release  of  the  peptide. 
Calcitonin  as  a  model  protein  was  incorporated  in  PLGA-PEG-PLGA  thermally  reversible 
gels.  It  was  revealed  that  the  addition  of  PEG  200  or  PEG  1000  reduces  the  drug  release 
from  the  systems,  which  may  be  due  to  the  effect  of  PEG.  The  PEG  could  behave  as  an 
internal  crosslinking  agent  or  could  form  PEG  complexes,  leading  to  a  decrease  in  the 
release  rate  of  the  drug.  The  presence  of  ionic  heads  of  sodium  lauryl  sulfate  (SLS)  could 
attract  counterions  of  calcitonin  and  thus  also  reduce  the  rate  of  drug  release  from  the 
prepared  systems  (Ghahremankhani  et  al.,  2008). 

11.5.1.3  PEG-PLA  Block  Copolymer 

PLA,  synthetic  biodegradable  polymer,  has  various  advantages  such  as  biodegradabil¬ 
ity,  low  immunity,  and  good  mechanical  strength.  It  has  been  approved  by  the  US  Food 
and  Drug  Administration  (US-FDA)  to  be  used  in  tissue  engineering,  as  medical  materials, 
and  as  drug  carriers.  It  gets  hydrolyzed  in  the  aquatic  environment  to  form  nontoxic 
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hydroxyl-carboxylic  acid  carried  out  by  ester  bond  cleavage.  It  then  gets  metabolized  into 
carbon  dioxide  and  water  through  a  citric  acid  cycle.  But,  the  PLA  applications  are 
restricted  due  to  some  disadvantages,  which  include  excessively  long  degradation  time, 
weak  hydrophilicity,  and  low  drug  loading  of  polar  drugs.  On  the  other  hand,  PEG 
has  several  advantages,  like  good  hydrophilicity,  flexibility,  antiphagocytosis  against 
macrophages,  noncombination  with  proteins,  resistance  to  immunological  recognition, 
and  biocompatibility.  Hence,  the  hydrophilicity,  crystallization,  and  degradation  rate  of 
the  PLA  can  be  improved  by  copolymerization  with  PEG.  This  copolymer  shows  great 
prospects  in  the  development  of  drug  delivery  (Xiao  et  al.,  2010). 

These  multiblock  copolymers  of  PEG  and  PLA  can  be  prepared  by  polycondensation 
reaction  carried  out  between  dihydroxy  PEG  and  dicarboxylated  PLA.  The  condensation 
reaction  of  a  lactic  acid,  in  the  presence  of  succinic  acid,  is  used  for  the  synthesis  of  dicar¬ 
boxylated  oligomeric  PL  As.  Biodegradable  star-shaped  PLGA-PEG,  as  well  as  PLA-PEG 
block  copolymers,  can  be  synthesized.  The  synthesis  is  carried  out  by  ring-opening  poly¬ 
merization  in  the  presence  of  4-  or  8-branched  PEG  and  aluminum  triethylene  as  a  catalyst 
(Huh  et  al.,  2003). 

The  common  methods  for  the  preparation  are  (1)  ring-opening  polymerization  of  PEG 
and  lactide  (Fig.  11.8),  and  (2)  anionic  ring-opening  polymerization  (Fig.  11.9).  In  the  ring¬ 
opening  polymerization  of  PEG  and  lactide  method,  tin  salts  are  frequently  used  as  cata¬ 
lysts,  as  the  stannous  compounds  show  higher  catalytic  efficiency.  But,  as  they  are  toxic  in 
nature,  acetic  acid  bismuth  can  also  be  used  as  an  initiator.  For  the  formation  of  copolymer 
1-lactide  and  PEG  tetramer,  the  length  of  the  polymer  chain  might  be  controlled  by  chang¬ 
ing  the  proportion  of  monomer  and  initiator.  They  can  also  lead  to  the  synthesis  of 
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FIGURE  1 1.8  Ring-opening  polymerization  of  PEG  and  lactide. 
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FIGURE  11.9  Anionic  ring-opening  polymerization. 


copolymers  with  different  molecular  structures,  which  may  be  in  the  form  of  A-B  stellate 
copolymer,  A-B-A  triblock  copolymer,  a  multiblock  copolymer,  and  reticular  copolymer 

(Xiao  et  al.,  2010). 

While  in  anionic  ring-opening  polymerization,  various  catalysts  used  are  sodium  alkox- 
ide,  potassium  alkoxide,  and  butyl  lithium.  Otsuka  et  al.  synthesized  3,3-diethoxy-potassium 
propanol  ([C2H5Ol2CHCH2OK)  by  using  3,3-diethoxy-propanol  ([C2H5Ol2CHCH2OH)  and 
potassium  naphthalene  (K-Naph)  as  initial  reactants  and  tetrahydrofuran  (THF)  as  a  solvent. 
Then,  the  synthesis  of  a-acetal-PEG-PLA  block  copolymer  was  carried  out  by  anionic  ring-o¬ 
pening  polymerization  by  using  reactants  ethylene  oxide  and  lactic  acid  (LA)  and 
3,3-diethoxy-potassium  propanol  as  an  initiator  (Otsuka  et  al.,  2000). 

The  degradation  products  of  PEG-PLA  block  copolymer  can  be  eliminated  by  the  kid¬ 
ney  or  it  can  enter  the  tricarboxylic  acid  cycle.  So,  the  copolymer  does  not  produce  the 
toxic  effect  and  does  not  accumulate  in  low  concentration.  The  PEG-PLA  block  copolymer 
shows  various  advantages,  such  as  higher  drug  loading  and  decreased  burst  effect, 
and  enhanced  in  vivo  residence  time  of  drugs,  thus  circumventing  the  macrophages 
(Xiao  et  al.,  2010). 

11.5.1.4  Poly(e-Caprolactone)-Poly  (Ethylene  Glycol)  (PCL-PEG)  Block  Copolymers 

PCL  is  the  first-generation  member  of  synthetic  aliphatic  polyesters.  The  biodegradabil¬ 
ity  is  very  much  advantageous  to  use  this  material  as  resorbable  materials,  especially  for 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


11.5  SOME  BIODEGRADABLE  BLOCK  COPOLYMERS 


419 


the  controlled  drug  release.  Though  the  presence  of  various  shorter  chain  polyglycolides 
and  derivatives  has  decreased  the  popularity,  its  copolymer  derivatives  are  providing  a 
new  way  with  advanced  functions  to  be  explored  for  the  delivery  system.  The  properties 
of  PCL  like  slow  crystallization  kinetics  and  low  melting  temperatures  in  the  physiological 
range  have  made  this  material  very  striking  for  the  design  of  tunable  biomaterials. 
Various  advantages  such  as  slow  degradation  rates  make  PCL  valuable  for  greater  stability 
of  implants  and  prolonged  drug  release,  thus  playing  an  important  role  in  biomedical 
applications  (Sisson  et  al.,  2013). 

PEG  has  low  cytotoxicity  and  high  water-solubility  thus  is  widely  used  for  biomedical 
applications,  including  drug  carriers.  These  poly  ester-poly  ether  block  copolymers  are  gain¬ 
ing  interest  for  the  controlled  delivery  of  drugs,  especially  in  the  field  of  biomedical  appli¬ 
cations.  These  block  copolymers  are  amphiphilic,  meaning  they  have  both  hydrophobic 
and  hydrophilic  parts.  The  solubility  profile  of  PEG  allows  its  use  as  a  common  constitu¬ 
ent  of  the  hydrophilic  outer  shell.  The  hydrophobic  core  of  the  micelle  is  able  to  entrap 
lipophilic  drugs  through  hydrophobic  interaction  and  the  outer  hydrophilic  shell  offers  a 
guard  for  the  drugs,  providing  a  long-term  circulation  in  vivo.  Yan  et  al.  prepared  the 
amphiphilic  PCL-PEG-PCL  block  copolymers  and  used  this  as  a  vehicle  for  the  delivery 
of  Ginkgolide  B  as  a  novel  method  for  brain- targeting.  Ginkgolide  B  shows  very  low 
bioavailability  to  the  brain.  The  synthesis  of  the  amphiphilic  PCL-PEG-PCL  copolymer  as 
micelles  overcomes  this  limitation  of  Ginkgolide  B  and  enhances  its  solubility  in  water  as 
well  as  circulation  time  in  vivo.  The  PCL-PEG-PCL  tri-block  copolymer  synthesis  was 
performed  by  a  ring  opening  polymerization  of  e-CL  while  polyethylene  oxide  was  used 
as  an  initiator  (Yan  et  al.,  2017). 

In  another  study  performed  by  Danafar,  PCL-PEG-PCL  was  used  in  the  form  of  poly- 
mersomes  for  the  delivery  of  clavulanic  acid,  a  suicide  inhibitor  of  bacterial  beta-lactamase 
enzymes.  In  this  study,  a  reliable  drug  delivery  system  using  PCL-PEG-PCL  was  synthe¬ 
sized  and  the  release  profile  of  the  clavulanic  acid  (CLV)  from  the  drug-loaded  polymer- 
somes  was  evaluated.  CLV  encapsulated  within  PCL-PEG-PCL  NPs  were  prepared  by  a 
double  emulsion  technique  (w/o/w),  leading  to  the  formation  of  PCL-PEG-PCL  polymer- 
somes  which  were  found  to  be  in  uniformity  and  spherical  with  loading  efficiency 
16.00%  ±1.45%  and  particles  size  of  113  nm.  In  vitro  release  study  shows  the  sustained 
release  of  CLV  from  prepared  polymersomes  (Danafar,  2016.). 


11*5*2  Poly(Butylene  Terephthalate)  (PBT)  Copolymers 

PBT  is  thermoplastic  polyester  that  has  been  used  widely  for  various  engineering  and 
biomedical  applications.  The  industrial  production  of  PBT  is  based  on  the  reaction 
between  dimethyl  terephthalate  and  1,4-butanediol  by  using  organotitanate,  for  example, 
titanium  tetrabutoxide. 

Polyester-polyether  block  copolymers  of  poly  [(butylene  succinate) -co-poly  (butylene  tere¬ 
phthalate)]  (PBS-PBT)  and  poly(tetramethylene  glycol)  (PTMG)  are  concerned  with  differ¬ 
ent  compositions.  Aromatic  polyesters  like  PETP  or  PBT  have  been  used  as  the  hard 
segment  in  the  polyester-polyether  segmented  block  copolymer  aromatic  polyesters  like 
PETP  or  PBT,  thus  helping  to  improve  the  mechanical  properties  of  formed  copolymers. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


420 


11.  BIODEGRADABLE  BLOCK  COPOLYMERS  AND  THEIR  APPLICATIONS  FOR  DRUG  DELIVERY 


These  copolymers  along  with  the  PEG  (as  the  corresponding  soft  segment)  were  found  to 
be  applicable  in  the  medical  fields.  Park  and  Cho  synthesized  a  segmented  block  copoly¬ 
mer  of  PBT  with  PBS,  which  shows  enhanced  mechanical  properties.  Insertion  of  small 
amounts  of  aromatic  units  to  PBS  would  be  helpful  to  improve  the  mechanical  properties 
like  breaking  stress  and  strain  of  PBS  (Park  and  Cho,  2001).  Some  of  the  poly(ethers-esters) 
include  the  modified  form  of  PEG  terephthalate  and  PBT  copolymers  and  have  been  suc¬ 
cessfully  used  for  the  development  of  matrix  to  provide  controlled  release  of  drugs  both 
in  vitro  and  in  vivo. 


11.5.2.1  Poly  (Butylene  Terephthalate)  IPoly  (Ethylene  Glycol)  (PBT-PEG)  Multiblock 
Copolymer 

PBT/PEG  multiblock  copolymer  is  biocompatible  and  biodegradable  in  nature.  PBT/ 
PEG  and  PETP/PEG  copolymers  are  mainly  prepared  from  butylene  diol  (or:  ethylene 
diol),  dimethyl  terephthalate,  and  PEG.  This  process  involves  the  formation  of  a  poisonous 
substance  called  methanol.  But,  the  macromolecular  transesterification  method  for  the  syn¬ 
thesis  of  PBT/PEG  copolymer  does  not  involve  the  formation  of  poisonous  byproducts. 
This  amphiphilic  PBT/PEG  multiblock  copolymer  was  used  for  the  delivery  of  a  new  kind 
of  anticancer  drug  called  Indirubin  in  the  form  of  microspheres  as  shown  in  Fig.  11.10 
(Wang  et  al.,  2005). 

Varshosaz  et  al.  developed  the  docetaxel  bearing  NPs  of  poly  (butylene  adipate-co¬ 
butylene  terephthalate)  by  electrospraying  technique  for  the  treatment  of  ovarian  cancer.  It 
is  a  biocompatible,  biodegradable,  fast  degradation  rate,  and  excellent  flexibility  polymer 
prepared  by  the  upgradable  electrospraying  technique  (Varshosaz  et  al.,  2018). 
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FIGURE  11.10  Synthesis  of  PBT/PEG  multiblock  copolymers.  Source:  Adapted  from  Wang,  Y.,  Liu,  C.,  Fan,  L., 
Sheng,  Y.,  Mao,  ].,  Chao,  G.,  et  al,  2005.  Synthesis  of  biodegradable  poly  (butylene  terephthalate) /poly  (ethylene  glycol) 
(PBT/PEG)  multiblock  copolymers  and  preparation  of  indirubin  loaded  microspheres.  Polym.  Bull.,  53(3),  147—154. 
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11*5*3  Sulfonated  Block  Copolymers 

The  various  aliphatic  polyesters  such  as  PLA,  PGA,  and  many  more,  as  well  as  their 
copolymers,  have  found  various  applications  in  the  biological  and  biomedical  fields  due  to 
their  biocompatibility,  biodegradability,  and  permeability.  But  they  are  associated  with  the 
problem  of  lack  of  hydrophilic  and  functional  groups.  This  causes  various  issues  like  sta¬ 
bility  problems  during  storage  or  under  in  vitro  and/or  in  vivo  release  conditions.  These 
problems  can  be  resolved  by  two  major  modifications  to  the  polymers.  First,  the  introduc¬ 
tion  of  hydrophilic  portions  by  the  use  of  PEG,  dextran,  chitosan,  cellulose  derivatives, 
poly(N-vinyl-2-pyrrolidone)  (PVP),  and  PVA.  Secondly  the  use  of  various  polyelectrolyte 
functional  groups,  like  amine  and  sulfonic  acid  groups.  The  introduction  of  the  sulfonic 
acid  group  leads  to  the  formation  of  the  sulfonated  block  copolymers.  Wang  et  al.  synthe¬ 
sized  the  negatively  charged  biodegradable  branched  polyesters,  known  as  poly(vinyl 
sulfonate-covinyl  alcohol)-graft-PLGA,  which  is  abbreviated  as  P(VS-VA)-g-PLGA.  This 
copolymer  was  synthesized  by  ring-opening  polymerization  by  the  use  of  sulfonate- 
modified  PVA  and  could  be  used  for  the  delivery  of  cationic  drugs.  This  P(VS-VA)-g- 
PLGA  copolymer  was  then  used  for  the  preparation  of  NPs  by  a  solvent  displacement 
technique.  Based  on  the  preliminary  studies,  these  negatively  charged  polymers  provide  a 
platform  for  drug  delivery  as  negatively  charged  nanocarriers  (Wang  et  al.,  2008). 


11*5*4  Poly(Ethylene  Oxide)-Poly(Propylene  Oxide)  (PEO-PPO) 

Block  Copolymer 

The  PEO-PPO  copolymers  are  most  important  and  find  various  applications  in  the 
pharmaceutical  technology  field  to  improved  solubility,  release,  stability,  and  bioavailabil¬ 
ity  of  drugs.  The  synthesized  PEO  could  form  a  block  with  various  other  poly  ethers,  like 
poly(butylene  oxide)  (PBO),  poly(styrene  oxide)  (PS),  and  phenyl  glycidyl  ether.  But,  the 
PEO-PPO-PEO  block  copolymers  have  been  broadly  explored  as  amphiphilic  materials, 
which  belong  to  the  family  of  so-called  smart  materials.  They  have  been  used  to  design 
the  injectable  matrices  in  the  biomedical  field  due  to  the  nature  of  sol— gel  transition  on 
heating.  Thus,  they  are  used  as  an  implant  in  the  form  of  low  viscosity  liquids,  forming  a 
solid  implant  on  the  change  in  temperature.  These  materials  show  various  advantages,  for 
example,  they  are  nonirritating  for  topical  or  subcutaneous  applications,  produce  diminu¬ 
tive  irritation  on  intramuscular  or  intraperitoneal  applications,  and  have  better  cytocom- 
patibility  with  different  types  of  cells.  Although  PEO-PPO-PEO  is  nondegradable  in  nature 
with  a  molecular  weight  in  the  range  of  10—15  kDa,  it  can  be  filtered  by  the  kidney  and 
cleared  in  the  urine  (Chiappetta  and  Sosnik,  2007). 

PEO-PPO  block  copolymers  have  the  ability  to  form  micelle  and  have  been  found  to 
form  swellable  hydrogels,  thus  possessing  the  ability  to  be  used  for  topical-transdermal 
drug  delivery.  PEO  and  PPO  based  copolymers,  including  PEO-PPO-PEO  triblock  copoly¬ 
mers  (also  recognized  as  Pluronics),  have  been  utilized  in  a  different  area,  such  as  applica¬ 
tions  in  aqueous  environments  including  protein  crystallization,  control  of  particle 
aggregation  in  solutions,  modification  of  surfaces  for  biocompatibility,  and  drug  delivery. 
These  PEO  and  PPO  based  copolymers  are  known  by  registered  trademarks  such  as 
Pluronic,  Synperonic,  or  Tetronic).  These  copolymers  are  available  in  two  types,  firstly  as 
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the  linear  and  bifunctional  PEO-PPO-PEO  triblock  or  poloxamers  (Pluronic  and 
Synperonic)  and  secondly  the  branched  4-arm  counterparts  called  poloxamine  (Tetronic) 

(Yapar  and  Ynal,  2012). 

Perdikaki  et  al.  synthesized  amphiphilic  block  copolymers  of  PEO-PPO-PEO  that  show 
the  antibacterial  properties  of  silver  NPs.  These  amphiphilic  block  copolymers  possess 
both  polar  as  well  as  nonpolar  groups,  thus  they  spontaneously  segregate  on  coming  in 
contact  with  solvents  having  proper  polarity  to  self-assemble  stable  structures.  These 
copolymer  molecules  behave  as  a  reducing  agent  due  to  PEO  blocks.  These  PEO  blocks 
remain  in  contact  with  the  water  phase  and  the  metal  precursor.  The  PEO-PPO-PEO  block 
copolymer  shows  advantages,  as  they  do  not  show  any  evidence  of  antibacterial  action, 
hence  help  to  evaluate  the  antibacterial  effect  (Perdikaki  et  al.,  2013). 


11*5*5  Dendrimer-Like  Star  Block  Copolymer 

Dendrimer-like  star-branched  block  copolymers  are  copolymers  that  resemble  conven¬ 
tional  dendrimers  and  show  the  same  branched  architecture  as  that  of  the  dendrimer,  thus 
have  been  named  dendrimer-like.  They  consist  of  various  hierarchically  concentric  layers 
consisting  of  branched  polymer  repeat  units  emanating  from  a  central  core  or  focal  point. 
All  polymers  show  a  radially  emerging  pattern  from  a  central  core.  Two  or  more  polymer 
chains  are  linked  at  the  core  of  the  first  layer.  Each  polymer  chain  end  is  two  or  multi- 
branched  at  the  junction  between  the  first  and  second  layers.  The  polymer  chain  grows 
from  the  junction  and  is  again  two-  or  multibranched  at  the  junction  between  the  second 
and  third  layer. 

Nabid  et  al.  synthesized  a  nonionic  dendrimer-like  star  block  copolymer  of  PCL  and 
PEG,  which  was  used  as  a  stabilizer  for  the  preparation  of  gold  NPs.  Gold  NPs  were 
coated  with  these  nonionic  amphiphilic  dendrimer-like  star  block  copolymers  (Nabid 
et  al.,  2016).  Dendrimer-like  star  polymers  hold  the  ability  to  effectively  deliver  drugs 
through  an  appropriate  structure-tuning.  The  structure  is  composed  of  a  hydrophobic  star 
polymer  core  and  a  hydrophilic  dendron  shell.  These  dendrimer-like  copolymers  possess 
various  advantages  similar  to  that  of  dendrimers,  like  small  particle  size,  a  well-defined 
structure,  and  presence  of  a  large  number  of  surface  groups.  The  presence  of  a  large  num¬ 
ber  of  functional  groups  at  the  surface  is  helpful  in  the  conjugation  of  ligand,  thus  provid¬ 
ing  targeted  delivery  of  molecules.  The  core  of  this  dendrimer  like  polymer  is  more 
flexible  and  helpful  to  encapsulate  more  hydrophobic  drugs. 


11*5*6  Biodegradable  Cellulose  Block  Copolymers 

Cellulose  is  considered  to  be  the  most  abundant  organic  compound  and  renewable  nat¬ 
ural  biomass  in  the  world.  It  shows  various  advantages,  such  as  low  cost,  easiness  of  fiber 
surface  modification,  biodegradation,  low  density  as  compared  with  its  inorganic  counter¬ 
parts,  good  mechanical  properties,  and  recyclability.  Due  to  these  desirable  properties, 
cellulosic  graft  copolymers  have  been  used  with  increasing  interest  for  various  purposes 
like  thermoresponsive  smart  materials,  antibacterial  surfaces,  yarn  for  textile  industry, 
transparent  thermoplastics  in  combination  with  plasticizers,  metal  ion  sorption  materials. 
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FIGURE  11.11  Schematic  illustration  to  describe  self-assembly  of  cellulose-g-PLLA  graft  copolymer  and  drug 
release  of  drug-loaded  micelles  at  37°C.  Source:  Adapted  with  permission  from  Dong ,  H.,  Xu ,  Q.,  Li,  Y.,  Mo,  S.,  Cai, 
S.,  Liu,  L.,  2008.  The  synthesis  of  biodegradable  graft  copolymer  cellulose-graft-poly  ( l-lactide)  and  the  study  of  its  controlled 
drug  release.  Colloids  Surf.  B:  Biointerfaces,  66(1),  26—33. 

reinforcing  agents  in  composite  materials,  in  manufacturing  of  filter  tow,  and  especially  as 
controlled  drug  delivery  vehicles  (Dong  et  al.,  2008;  Shokri  and  Adibkia,  2013). 

Dong  et  al.  synthesized  a  novel  biodegradable  copolymer  consisting  of  a  hydrophilic 
cellulose  segment  (cellulose-g-PLLA)  segment  and  hydrophobic  PLLA  segments. 
Copolymers  so  obtained  combine  the  advantages  of  both  cellulose  and  PLLA,  thus  would 
be  completely  biodegraded  and  their  performance  improved.  The  prepared  copolymer  has 
the  ability  to  get  self-assembled  to  form  micelles  in  water.  The  cores  of  micelles  are  made 
up  of  hydrophobic  PLLA  segments  whereas  the  outer  shells  consist  of  the  hydrophilic  cel¬ 
lulose  segments.  The  self-assembled  micelles  of  cellulose-PLLA  are  shown  in  Fig.  11.11 
along  with  the  drug  release  from  the  micelles  (Dong  et  al.,  2008). 


11.6  BIODEGRADABLE  BLOCK  COPOLYMERS  AS  DRUG 
DELIVERY  SYSTEM 


11.6.1  Block  Copolymer  Thin  Films 

Thin  film  synthesized  by  block  copolymers  are  used  as  a  filtration  unit  for  the  nano¬ 
sized  biomolecules,  protein,  virus,  water,  and  drug  molecules  due  to  the  presence  of  nano¬ 
sized  self-assembled  pores  and  high  mechanical  strength  and  permeability.  For  example, 
Qiu  et  al.  (2012)  designed  an  integral  asymmetric  membrane  by  combining  amphiphilic 
block  copolymer  (PS-b-P4VP)  with  nonsolvent  induced  phase  separation  technique.  The 
architecture  of  membrane  was  found  to  be  composed  of  thin  layers  with  uniform  pore 
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sized  cylindrical  channels,  perpendicular  on  the  top  of  polymeric  thin  film.  They  con¬ 
ducted  a  diffusion  experiment  to  analyze  charge  based  separation  and  transportation  of 
two  different  proteins,  that  is,  bovine  serum  albumin  (BSA)  and  bovine  hemoglobin 
(BHb),  having  similar  molecular  weight,  and  found  that  at  pH  7  isoelectric  point  of  BHb 
completely  separated,  while  at  pH  4.7  isoelectric  point  of  BSA  completely  separated. 

For  the  separation  of  30-nm  sized  human  rhinovirus  (HRV14),  the  thin  membrane  was 
designed  by  Yang  et  al.  (2006),  employing  block  copolymer  polystyrene-block-(PMMA) 
and  homopolymer  PMMA.  Thin  film  was  also  used  in  controlled  and  sustained  delivery 
of  protein;  because  pore  size  of  nanochannels  can  be  controlled  or  modified  according  to 
hydrodynamic  diameter  of  protein,  block  copolymer  thin  film  was  developed  for  delivery 
of  two  proteins,  BSA  and  human  growth  hormone  (hGH),  by  single  file  diffusion  and  pore 
size  was  controlled  by  the  deposition  of  Au  particles  (Yang  et  al.,  2010).  Greil  et  al.  (2017) 
used  block  copolymer  thin  film  in  batteries,  water  filtration,  transportation  and  separation 
of  gases.  They  fabricated  a  thin  film  of  silicon  carbide  with  thickness  less  than  50  nm,  30% 
porosity,  and  uniform  20-nm  diameter  of  pores,  by  employing  self-assembled  block  copol¬ 
ymer  poly(styrene-b-methacrylate)  (PS-b-PMMA)  as  a  template  (Greil  et  al.,  2017). 

A  new  application  of  block  copolymer  thin  film  was  discovered  by  Fayad  et  al.  (2017)  and 
developed  as  the  nanoelectrode  array  for  detection  of  targeted  molecules.  They  fabricated  a 
thin  film  of  PS-b-PMMA  and  removed  the  PMMA  phase  for  formation  of  pores  in  the  film, 
then  pores  were  decorated  by  (3-cyclodextrin  ((3-CD)  and  ferrocene  (FC)  to  the  detection  of 
streptavidin  by  interacting  with  its  linker  had  group  biotin  as  given  in  Fig.  11.12  (Fayad 
et  al.,  2017).  Some  of  the  copolymer  thin  film  applications  are  discussed  in  Table  11.2. 


(3-cyc  lodextr  in 


A 


- ers — - cr> - crs - cry 

cr?  o  o  o  cr> 

— <rr>  <rr>  c~i 


PMMA  phase 


Pores 


p-cyclodextrin 


FIGURE  11.12  A  versatile  nanoarray  electrode  produced  from  block  copolymer  thin  films  for  specific  detec¬ 
tion  of  proteins. 
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Block  Copolymer  Carrier  System 

Reference 

Poly [2 (methacryloyloxy) ethyl  phosphorylcholine]- 
blockpoly[(diisopropylamino)ethyl  methacrylate] 

pH-sensitive  vesicles 
(doxorubicin) 

Du  et  al.  (2012) 

Poly-(ethylene  oxide)-hyperbranched-polyglycerol 

pH-responsive  micelle 
(doxorubicin) 

Lee  et  al.  (2012) 

2-hydroxyethyl  acrylateblock-2-hydroxyethyl 

acrylate-co-2,2-dimethyl-l,3-dioxolane-4-yl)methyl 

acrylate 

Nanoparticles  (paclitaxel) 

Louage  et  al. 
(2014) 

Poly(£-caprolactone)-SS-poly(ethyl  ethylene 
phosphate) 

Micelles  (doxorubicin) 

Tang  et  al.  (2009) 

Polycaprolactone  block-polyethylene  glycol 

Enzyme-controlled  nanoparticles 
act  as  an  anticancer  drug  carrier 

Surnar  and 
Jayakannan  (2016) 

11*6*2  Nanoparticles 

Nanoparticles  (NPs)  refer  to  particle  sizes  in  the  range  between  100  and  1000  nm. 
Nowadays,  block  copolymer  is  the  first  choice  for  development  or  synthesis  of  nanoparti¬ 
cles/nanoformulations,  because  block  copolymer  has  the  property  to  form  a  broad  range 
of  morphologies  (e.g.,  lamellae,  vesicles,  cylinders,  and  spheres)  and  because  of  its  unique 
physiochemical  properties  like  sensitivity  to  pH,  temperature,  flexible  structure,  and  pres¬ 
ence  of  many  types  of  functional  groups.  Block  copolymer  nanoparticles  are  principally 
useful  for  in  vitro  delivery  of  targeted  hydrophilic  substances,  including  nucleic  acids  and 
proteins.  For  example,  Du  et  al.  (2018)  designed  NPs  for  effective  pH  dependent  delivery 
of  siRNA  at  the  target  site,  by  employing  triblock  copolymer,  and  they  have  found  that 
pKa  range  between  5.8  and  6.4  is  effective  for  gene  deliveries  (Du  et  al.,  2018). 

NPs  also  boost  the  drug  delivery  into  the  skin.  The  delivery  of  retinol  into  the  skin  was 
enhanced  by  synthesis  of  two  types  of  NPs  by  using  two  different  block  copolymer  units 
respectively,  PLA-b-PEG  and  PCL-b-PEG  NPs  (Laredj-Bourezg  et  al.,  2015),  while  the 
delivery  of  minoxidil  was  enhanced  by  incorporating  into  PCL-b-PEG  block  copolymer 
NPs  (Shim  et  al.,  2004).  A  new  type  brush-like  copolymer-based  NP  (200—700  nm)  was 
synthesized  for  the  efficient  pH-dependent  delivery  of  plasmid  DNA  into  the  nucleus  of  a 
cervical  cancer  cell  with  no  cytotoxicity  (Gois  et  al.,  2018). 


11*6*3  Block  Copolymer  Micelles 

Block  Copolymer  Micelles  (BCMs)  are  used  as  carrier  systems  for  transportation  and 
delivering  of  therapeutic  components  (protein,  drug,  and  magnetic  particles)  due  to  its 
self-assembling  and  disassembling  nature  in  different  environmental  conditions.  This 
property  enhances  the  encapsulation  capacity  of  the  carrier  system,  provides  stability,  and 
controls  release  of  the  drug  in  a  physiological  environment.  Therapeutic  components  are 
encapsulated  and  conjugated  within  BCMs  due  to  the  electrostatic  interaction  between 
them.  Mostly,  layer-by-layer  assembly  technique  is  used  for  BCMs  converted  into  a 
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multilayer  film  by  the  conjugation  with  other  materials  to  enhance  controlled  drug  release 
and  thus,  drug  release  and  encapsulations,  within  the  system,  are  controlled  by  tempera¬ 
ture,  pH,  and  light  (Tanum  et  al.,  2018).  Due  to  a  smaller  size  (up  to  100  nm),  micelles  also 
enhance  the  gastrointestinal  uptake  and  bioavailability  of  the  drug  (Francis  et  al.,  2005). 

BCM  enhances  the  aqueous  solubility  of  poor  or  sparingly  water-soluble  drugs  or  other 
molecules  due  to  the  availability  of  hydrophobic  core  and  hydrophilic  corona.  This 
enhances  the  aqueous  solubility  and  mucoadhesive  property  of  the  hydrophobic  drug 
indomethacin  by  incorporating  into  pluronic  FI 27  micelles  (Eshel-Green  and  Bianco-Peled, 
2016).  pH-sensitive  micelles  for  pH-dependent  delivery  of  both  types  of  drug,  either 
hydrophilic  or  hydrophobic,  were  formulated  by  employing  PS-b-P4VP  and  PS-b-PAA 
block  copolymers  (Tanum  et  al.,  2018). 

Micelles  have  a  better  tendency  to  bind  or  chelate  the  numbers  of  radioisotopes  and  drug 
molecules,  a  property  that  is  helpful  in  detection  of  the  target  site.  Cheng  et  al.  (2016)  have 
designed  a  multifunctional  nanomicelles  system  for  photodynamic  therapy  (PDT)  for 
destruction  of  tumor  cells  by  near-IR  (NIR)  radiation,  as  well  as  in  vivo  positron  emission 
tomography  (PET)  for  diagnosis  of  disease  and  therapeutic  monitoring  of  delivery  systems. 
The  authors  conjugated  amphiphilic  copolymer  PEG  with  Ce-6  to  synthesize  PEG-Ce  6  nano¬ 
micelles  for  PDT  and  chelated  it  with  64Cu2+  for  PET.  For  the  treatment  of  obesity  micelles 
have  been  designed  by  employing  poly(2-(diisopropylamino)  ethyl  methacrylate)  and  poly(2- 
(dibutylamino)  ethyl  methacrylate)  block  copolymer,  having  pH-dependent  solubility  and 
good  sequestration  property  to  bile  salts  and  triglycerides.  During  an  in  vivo  study  it  was 
found  that  pH-responsive  micelles  reduce  the  absorption  of  triglycerides /fat  as  well  as 
increase  fecal  elimination  of  both  bile  salts  and  triglycerides  by  9— 10  times  (Qian  et  al.,  2015). 

Micelles  are  very  effective  in  passive  or  EPR  dependent  drug  delivery,  which  provided  a 
better  accumulation  of  drug  into  the  tumor  as  compared  with  other  carrier  systems.  Paclitaxel 
was  incorporated  in  PEG-b-poly  (4-phenyl-l-butanoate)-l-aspartamide  conjugates  for  EPR- 
based  micelle  formulations,  showing  superior  accumulation  in  tumors  compared  with  its 
commercial  formulation  (Hamaguchi  et  al.,  2005).  Micelles  of  the  block  copolymer  are  effec¬ 
tive  in  hypoxia  conditions.  Hypoxia  is  an  oxygen  deficiency  condition  of  the  tissues,  which 
occurs  in  various  pathological  conditions  like  tumors,  rheumatoid  arthritis,  stroke,  and  athero¬ 
sclerosis.  Hypoxia  sensitive  drug  delivery  was  developed  by  using  PEG  as  the  hydrophilic 
block  and  polyfe-(4-nitro)  benzyloxycarbonyl-L-lysine)  as  the  hydrophobic  block  for  treatment 
of  cancer  by  Dox  (Thambi  et  al.,  2016).  Other  applications  of  BCMs  are  given  in  Table  11.3. 

11*6*4  Block  Copolymer-Drug  Conjugates 

A  number  of  carrier  systems  are  available  for  targeted  and  controlled  release  of  therapeu¬ 
tic  agents,  on  the  basis  of  polymers  or  BBCs,  that  is,  liposomes,  niosomes,  ethosomes, 
micelles,  etc.  Instability  or  burst  release  is  a  major  problem  with  these  carrier  systems.  To 
overcome  burst  release  of  therapeutic  agents,  they  are  chemically  conjugated  with  the 
amphiphilic  copolymer  to  form  a  prodrug-like  structure,  known  as  a  polymeric  prodrug. 
The  polymeric  prodrug  concept  was  first  proposed  by  Ringsdorf  in  1975  (Ringsdorf,  1975). 
Polymeric  prodrugs  have  several  advantages  over  other  carrier  systems  such  as  negligible 
side  effects,  patient  compliance,  and  high  therapeutic  efficacy  (Hu  and  Jing,  2009).  Polymer 
prodrugs  and  polymer  micelles  have  almost  the  same  structure;  the  only  difference  is  that 
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TABLE  11.3  Application  of  Block  Copolymer  Micelles 


Block  Copolymer 

Encapsulated  Molecule 

Reference 

Poly(ethylene  oxide)-block-poly(ester)s 

Indomethacin 

Wang  et  al.  (2011) 

Nimodipine 

Ge  et  al.  (2002) 

Doxorubicin 

Liu  et  al.  (2001) 

Dihydrotestosterone 

Allen  et  al.  (2000) 

Paclitaxel 

Zhang  et  al.  (1996) 

Polyethylene  glycol)-block-poly(caprolactone)s 

Human  serum  albumin  (HAS) 

Zhou  et  al.  (2003) 

Paclitaxel 

Kang  et  al.  (2011) 

Docetaxel 

Gao  et  al.  (2012) 

Poly(ethylene  glycol)-block-poly(lactic 
acid-co  glycolic  acid)s 

Rapamycin 

Morphogenetic  proteins 

Penco  et  al.  (1996) 

Saito  (1999) 

Paclitaxel 

Penco  et  al.  (1996) 

Doxorubicin 

Penco  et  al.  (1996) 

Polyethylene  glycol)-block-poly(lactic 
acid-co  glycolic  acid) 

Rapamycin 

Cisplatin 

Zhu  et  al.  (2009) 

Avgoustakis  (2004) 

Doxorubicin 

Wang  et  al.  (2011) 

drug  molecules  are  physically  incorporated  in  micelles  while  they  are  chemically  bound  in 
the  polymer  prodrug. 

Drug  molecules  and  polymers  have  several  types  of  functional  groups  that  are  employed 
in  the  polymer-drug  conjugation.  For  example,  paclitaxel  has  two  OHs  at  positions  7  and  2 
needing  —  COOH  group  to  conjugate.  A  polymeric  prodrug  was  synthesized  by  Zhang  et  al. 
(2005)  for  the  treatment  of  human  liver  cancer  cells  (H7402).  They  converted  terminal 
hydroxyl  group  into  carboxyl  group  in  monomethoxy-PEG-b-PLA  block  copolymer  and  con¬ 
jugated  with  paclitaxel.  The  prodrug  has  the  same  cytotoxicity  as  a  pure  drug  on  cancer  cells 
(Zhang  et  al.,  2005).  Dox  has  three  reactive  groups:  C=0,  NH2,  and  OH  need  COOH  or  C 
(=0)-NH2NH2  to  couple  with  the  polymer.  OH,  COOH,  NH2,  CH=CH2,  C=CH,  or  N3 
reactive  group  are  also  available  for  conjugation  in  polymers  (Hu  and  Jing,  2009).  Various 
drugs  have  been  conjugated  to  the  block  copolymer  as  given  in  Table  11.4. 


11*6*5  Hydrogels 

Hydrogel  is  a  three  dimensional  network  of  hydrophilic  polymers,  forming  a  two  or  mul¬ 
ticompartment  system.  There  are  many  functional  groups  are  present  on  a  polymer,  that  is, 
amine  (— NH2),  carboxylic  (— COOH),  sulfate  (— S03H),  and  hydroxyl  (—OH)  groups,  which 
are  hydrophilic  and  responsible  for  water  absorption.  Hydrogels  also  have  good  affinity  to 
blood  plasma  or  serum.  The  water  absorption  affinity  or  swelling  property  of  hydrogels  is 
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TABLE  11.4  Application  of  Block  Copolymer  Drug  Conjugate 


Block  Copolymer 

Encapsulated  Molecule 

Reference 

Biodegradable  amphiphilic  triblock  HPMA  copolymer 

Doxorubicin 

Yang  et  al.  (2013) 

Poly(ethylene  glycol)-block-poly(caprolactone)s 

siRNA 

Qi  et  al.  (2011) 

Paclitaxel 

Wang  et  al.  (2011) 

Poly(ethylene  oxide)-block-poly(ester)s 

Doxorubicin 

Liu  et  al.  (2001) 

reversible  and  it  is  affected  by  external  environments  like  pH,  temperature,  and  ionic  con¬ 
centration.  Hydrogel  shows  good  biodegradability,  injectability,  bioadhesiveness,  mucoadhe- 
siveness,  and  relatively  little  toxicity.  The  hydrogel  can  be  molded  in  different  shapes  and 
sizes  and  used  as  a  carrier  for  drugs,  proteins,  and  genes  (Mathew  et  al.,  2017).  Hydrogel 
serves  as  pH  and  temperature  dependent  drug  delivery  system  for  treatment  of  cancer.  A 
paclitaxel-loaded  hydrogel  of  pH  and  temperature  sensitive  block  copolymer  (OSM-PCLA- 
PEG-PCLA-OSM)  was  formulated  for  the  treatment  of  tumors  (Shim  et  al.,  2007). 

Human  calcitonin  (hCT)  was  incorporated  into  the  PLGA-PEG-PLGA  block  copolymer  to 
form  a  hydrogel  for  efficacious  and  sustained  delivery  (Shang  et  al.,  2017).  The  hybrid  sys¬ 
tem  of  Nafion  and  PEO  based  block  copolymer  shows  thermodynamic  stability  in  aqueous 
medium  (Fernandes  et  al.,  2017).  Supramolecular  hydrogels  are  another  type  of  hydrogel  in 
which  hydrogel  formed  by  noncovalent  interaction  of  molecules  between  molecules  in  aque¬ 
ous  media.  Supramolecular  hydrogels  have  the  advantages  of  mild  preparation  conditions, 
high  mass  transfer  rate,  degradability,  excellent  biocompatibility,  and  easy  structure  control 
as  compared  with  traditional  polymer  hydrogel.  Supramolecular  hydrogels  were  developed 
by  inclusion  complexation  between  PEG-b-PLA  and  a-cyclodextrin  (a-CD)  for  parenteral  as 
well  as  sustained  drug  release  (Poudel  et  al.,  2018).  While  inclusion  complexation  between 
PLA  and  (3-CD  for  controlled  and  dual  drug  delivery  (Hu  et  al.,  2018).  The  hydrogel  of  a 
star-shaped  block  copolymer  has  a  higher  aqueous  solubility,  in  vitro  stability,  and  drug 
entrapment  efficiency  than  linear  block  copolymer  hydrogel  (Buwalda  et  al.,  2017). 

Electroactive  hydrogels  were  recently  developed  that  provide  electroactivity  by  combin¬ 
ing  electroactive  polymers  with  the  3D  network  of  hydrogels.  These  types  of  hydrogel 
have  potential  application  in  the  fields  of  biomedicine,  supercapacitors,  tissue-engineering 
materials,  and  conducting  films.  Phase  separation  and  poor  biocompatibility  were  the 
only  two  drawbacks  of  electroactive  hydrogels  and  can  be  improved  by  conjugation  with 
electroactive  oligomers  (Jin  et  al.,  2017). 


11.7  APPLICATIONS  OF  BIODEGRADABLE  BLOCK  COPOLYMER 

11.7.1  In  Drug  Delivery 

11.7.1.1  siRNA  Delivery 

Small  interfering  RNAs  (siRNAs)  are  double  strand  RNAs  having  a  short  length  strand 
(18—25  nucleotides).  siRNA  is  widely  used  in  cancer  treatment  and  gene  therapy  because 
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it  kills  the  cell  or  reduces  cell  growth  by  inhibiting  translation  initiation  in  ribosomes  or 
destroys  target  mRNAs  by  cellular  ribonucleases.  There  are  two  big  problems  with  siRNA. 
The  first  is  less  cellular  uptake  affinity  by  target  cells  and  the  second  is  short  half-life 
because  its  degradation  and  elimination  from  blood  are  fast.  To  resolve  these  problems, 
many  types  of  delivery  systems  have  been  developed,  that  is,  liposomes,  biodegradable 
copolymer  based  NPs,  polyester  based  nanovesicles,  etc.  (Mokhtarieh  et  al.,  2018). 

Dual  stimuli-sensitive  (reduction  and  pH  sensitive)  nanomicelleplexes  were  synthesized 
by  employing  folate-conjugated  PEGylated  cationic  triblock  copolymer,  poly(arylhydra- 
zine)-Wocfc-poly(3-dimethylaminopropyl  methacrylamide)-Wocfc-poly(acrylhydrazine),  for 
the  targeted  codelivery  of  Dox  and  Bcl-2  siRNA  into  breast  cancer  MCF-7  cells.  Folate¬ 
decorated  nanomicelleplexes  follow  the  Higuchi  kinetic  model  and  exhibited  good  cyto- 
compatibility  and  strong  cell  killing  effect  in  MCF-7  breast  cancer  cells  as  compared  with 
folate-undecorated  nanomicelleplexes  (Suo  et  al.,  2017).  Endosomal  escape  is  necessary  for 
cytosolic  or  nuclear-targeted  gene  delivery.  For  higher  endosomal  escape,  NPs  were  pre¬ 
pared  for  delivery  of  siRNA  by  using  block  copolymer  having  a  different  hydrophobic 
group  and  pKa  value  (Du  et  al.,  2018). 

11.7.1.2  miRNA  Delivery 

MicroRNAs  (miRNAs)  are  small  noncoding  RNA  molecules  of  about  18—22  nucleo¬ 
tides  in  length.  They  are  also  known  as  endogenous  posttranscriptional  gene  regulators. 
The  primary  role  of  miRNAs  is  to  regulate  the  expression  of  the  gene  by  either  cleavage 
of  the  target  mRNA  or  by  translational  repression  (do  Amaral  et  al.,  2017).  Dysregulation 
in  the  expression  profile  of  miRNAs  is  the  cause  of  CNS  lesions,  the  progression  of  vari¬ 
ous  cancers,  tumorigenesis,  and  change  in  the  immune  system.  miRNAs  can  be  used  as 
biomarkers  in  many  disease  conditions  because  they  are  found  in  human  serum  and 
plasma  and  show  alteration  in  expression  in  different  disease  conditions  (multiple  sclero¬ 
sis,  pancreatic  cancer,  liver  cirrhosis)  (Dolati  et  al.,  2018).  For  the  delivery  of  miRNA  and 
Vismodegib  (GDC-0449)  for  the  successful  treatment  of  pancreatic  ductal  adenocarci¬ 
noma,  micelles  were  prepared  by  using  PEG-block-poly(2-methyl-2-carboxyl-propylene 
carbonate-graft-dodecanol-graft-tetraethylenepentamine).  The  formulation  showed  stabil¬ 
ity  up  to  24  h  in  the  presence  of  serum  (Kumar  et  al.,  2015).  A  smart  non  viral  gene  vector 
triggered  by  intracellular  redox  potential  for  the  delivery  of  miRNA  was  synthesized 
by  employing  an  amphiphilic  cationic  graft  polymer  polyethyleneimine-cystamine-PCL 
(Li  et  al.,  2015a,b,c). 

11.7.1.3  DNA  Delivery 

Deoxyribonucleic  acid  (DNA)  is  an  antiparallel  double  helix  genetic  material  is  used 
in  the  treatment  of  many  types  genetic  or  nongenetic  diseases.  There  are  various  extra¬ 
cellular  and  intracellular  physiological  hurdles  like  RES,  nucleases  enzyme,  cytosolic 
transport,  endosomal  escape,  and  some  related  to  DNA  structure  (negative  charge, 
hydrophilic  nature,  and  high  molecular  weight),  which  affect  the  efficacy  and  activity  of 
DNA.  To  overcome  these  hurdles  various  carrier  systems  were  developed,  for  example, 
Wang  et  al.  (2016)  developed  biodegradable  micelles  by  employing  polyethyleneimine- 
based  amphiphilic  block  copolymers  for  efficient  DNA  and  siRNA  delivery.  They  found 
lower  cytotoxicity  and  higher  serum  stability  of  the  DNA  micelles  complex  (Wang  et  al.,  2016). 
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Richard  et  al.  (2005)  enhanced  the  production  of  erythropoietin  by  the  formulation  of 
intramuscular  injection  of  DNA  by  employing  PEO-PPO-PEO  block  copolymer,  PE6400,  as 
a  vector;  this  formulation  enhanced  the  hematocrit  value  up  to  75%  as  compared  with 
intramuscular  injection  of  naked  DNA  (Richard  et  al.,  2005). 

11.7.1.4  Nucleotide  Delivery 

Nowadays,  therapeutic  polynucleotides  are  widely  used  compared  with  less  effective 
conventional  clinical  procedures  for  the  treatment  of  many  diseases  such  as  cancers,  inher¬ 
ited  disorders,  and  viral  infections.  There  are  many  genetic  materials  that  have  been  inves¬ 
tigated  for  nucleotide  or  polynucleotide  delivery  into  cells  such  as  plasmid  DNA  (p-DNA), 
single-stranded  DNA,  and  antisense  oligonucleotides.  Due  to  the  degradation  of  genetic 
material  in  a  biological  medium,  a  carrier  system  is  required  to  efficiently  deliver  a  thera¬ 
peutic  agent  into  the  cell  (Rasolonjatovo  et  al.,  2017). 

Cheradame  et  al.  (2008)  synthesized  triblock  copolymer  of  poly(2-methyl-2-oxazoline-b- 
tetrahydrofuran-2-methyl-2-oxazoline)  and  suggested  that  as  compared  with  neutral  block 
copolymers,  charged  (positively  charged)  polymers  are  a  better  vector  for  delivery  of 
genes.  But  positive  charge  of  the  vector  causes  cytotoxicity  and  instability  in  body  fluid 
(Cheradame  et  al.,  2008).  To  overcome  this  problem,  Pitard  et  al.  (2004)  designed  a  star¬ 
shaped  carrier  system  having  ethylenediamine  moiety  at  the  center  and  it  is  attached  to 
four  PEO/PPO  blocks.  DNA  interacts  with  the  copolymer  through  hydrogen  bonding, 
electrostatic  force,  and  hydrophobic  interaction,  and  DNA  present  at  the  surface  develops 
negative  charge.  This  system  is  effective  for  gene  transfer  in  heart  muscles  and  skeletal 
muscles  related  disease  (Pitard  et  al.,  2004). 

11.7.1.5  Delivery  of  Plasmid 

pDNA  is  an  extranuclear  DNA  found  in  the  cytoplasm  of  the  cell.  It  is  used  in  the  treat¬ 
ment  of  various  diseases  or  disorders.  Gene  therapy  is  preferred  to  cure  hereditary  disease 
and  to  treat  acquired  diseases  such  as  cancer,  HIV,  cardiovascular  disease,  hepatitis,  etc. 
pDNA  is  better  than  a  viral  vector  for  gene  therapy  because  of  easy  production  and  negli¬ 
gible  immunogenic  side  effect  (Vofi,  2007).  Two  types  of  nonviral  gene  delivery  systems, 
bioreducible  and  nonbioreducible  cationic  miktoarm,  were  synthesized  by  employing  two 
cationic  poly  (L-lysine)  blocks  and  one  PEG  block  for  delivery  of  pDNA  in  cancer  cells,  the 
bioreducible  system  having  higher  gene  expression  and  lower  cytotoxicity  than  the  non¬ 
bioreducible  system  (Kim  et  al.,  2018).  pDNA  Micelles  of  PEG-b-polyphosphoramidate 
block  copolymers  have  fourfold  higher  gene  expression  as  compared  with 
polyphosphoramidate-DNA  complexes  in  the  liver  (Jiang  et  al.,  2007). 

11.7.1.6  For  Endosomal  Escape  and  Cytosolic  Drug  Delivery 

Efficient  and  selective  delivery  of  the  gene  or  therapeutic  agents  (drug  molecule  or  pep¬ 
tides)  to  the  target  cells  with  minimal  toxicity  are  a  major  task  with  gene  therapy  and 
nanomedicines.  The  therapeutic  agent  enters  into  the  cell  by  using  the  endocytic  pathway. 
They  are  then  entrapped  in  endosomes  and  degraded  by  the  lysosomal  enzyme.  Thus, 
endosomal  escape  is  a  most  important  step  in  the  effective  cytosolic  delivery  of  therapeutic 
agent.  There  are  many  mechanisms  in  endosomal  escape  such  as  pore  formation  in  endo¬ 
somal  membrane,  pH  buffering  effect  (proton  sponge  effect),  fusion  in  the  endosomal 
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membrane,  and  photochemical  disruption  of  the  endosomal  membrane  (Varkouhi  et  al., 
2011).  For  example,  Suo  et  al.  (2017)  designed  nanomicelles  of  cationic  triblock  copolymer 
decorated  by  folate— conjugated  PEGylation  for  the  targeted  delivery  of  Dox  and  Bal-2 
siRNA  into  the  breast  cancer  cell.  Folate  conjugate  provided  selective  internalization  of  the 
carrier  system  by  MCF-7  cells  and  PEG  corona  facilitated  the  endosomal  escape  by  proton 
sponge  effect  (Suo  et  al.,  2017). 

11.7.1.7  For  Enhanced  Transdermal  Penetration 

The  skin  is  the  largest  organ  of  the  body,  covering  approximately  21  ft2.  It  is  composed 
of  three  layers:  the  epidermis,  dermis,  and  hypodermis.  The  epidermis  is  the  external  layer 
composed,  of  4—5  sublayers  of  different  cells.  Its  outermost  sublayer  is  the  stratum  cor- 
neum,  a  horny  layer  that  provides  protection  from  external  environments  and  acts  as  a 
penetration  barrier.  For  transdermal  drug  delivery,  penetration  enhancers  are  required  for 
reducing  this  barrier  (Murphree,  2017).  Block  copolymer  can  be  used  as  a  penetration 
enhancer  because  it  increases  the  partition  coefficient  of  the  drug  into  the  stratum  corneum 
or  acts  as  a  surfactant,  reducing  the  surface  tension.  Pickering  emulsions  are  surfactant- 
free  emulsions  that  were  investigated  by  Laredj-Bourezg  et  al.  (2017)  as  a  vehicle  for  the 
topical  delivery  of  retinol.  Stability  and  skin  absorption  of  the  emulsion  was  enhanced  by 
using  NPs  of  block  copolymer,  either  PLA-b-PEG  or  PCL-b-PEG  (Laredj-Bourezg  et  al., 
2017).  Self-assembled  NPs  of  two  different  sizes,  40  and  130  nm,  for  the  transdermal 
delivery  of  minoxidil  were  synthesized  by  employing  block  copolymer  PCL-b-PEG;  40-nm 
particles  showed  higher  accumulation  in  the  epidermal  layer  and  receptor  solution  than 
130-nm  size  NPs  (Shim  et  al.,  2004). 

11.7.1.8  Biodegradable  Block  Copolymers  for  Delivery  of  Proteins 

There  are  many  proteins  and  peptides  used  as  therapeutic  agents  for  the  treatment  of  dia¬ 
betes,  cancer,  anemia,  hemophilia,  etc.  But  large  molecular  size,  short  half-life,  sensitivity  to 
enzymes,  and  poor  bioavailability  are  the  major  obstacles  with  proteins  and  peptides  for 
controlled  delivery  to  target  sites.  Polymer-based  carrier  and  nanocarrier  systems  have  been 
developed  to  solve  this  problem.  Micelles  were  designed  for  the  delivery  of  insulin  by 
employing  two  amphiphilic  block  copolymers,  PEO-PCL-PEO  and  poly(2-(dimethylamino) 
ethyl  methacrylate)-b-PCL-b-poly(2-(dimethylamino)ethyl  methacrylate),  having  superior 
colloidal  stability  and  sustained  drug  release  profile  (Kamenova  et  al.,  2018).  Another 
formulation,  biodegradable  thermal  gel  (ReGel),  was  designed  for  the  delivery  of  water-in- 
soluble  drug  and  protein  molecules  by  using  ABA  type.  ReGel  shows  dual  properties:  the 
first  is  water  solubility  below  gel  transition  temperature  and  the  second  is  that  it  is  a  water- 
insoluble  gel  above  gel  transition  temperature.  After  injection  into  the  body  ReGel  is  con¬ 
verted  into  an  insoluble  gel  and  forms  a  controlled  release  drug  depot  (Zentner  et  al.,  2001). 

11.7.1.9  Target  Specific  Drug  Delivery  With  the  Drug-Conjugate  Block  Copolymer 

Polymer-drug  conjugates  act  as  a  prodrug.  These  approaches  provide  site-specific 
drug  delivery,  protect  the  degradation  of  the  drug,  and  reduce  the  premature  drug 
release  and  harmful  side  effects  on  healthy  cells  (Mohanty  and  Mohanta,  2014).  Benny 
et  al.  (2008)  developed  an  oral  formulation  to  deliver  angiogenesis  inhibitor  fumagillin 
analog,  TNP-470,  at  tumors  through  the  oral  route;  TNP-470  had  poor  oral  availability 
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and  was  conjugated  to  monomethoxy-polyethylene  glycol— polylactic  acid  to  enhance  its 
oral  bioavailability  (Benny  et  al.,  2008).  Paclitaxel  was  conjugated  with  triblock  PLA- 
PEG-PLA  in  the  presence  of  dicyclohexyl  carbodiimide  and  dimethyl  aminopyridine  and 
converted  into  micelles  (220  nm)  in  aqueous  solution.  The  conjugate  showed  the  same 
antitumor  activity  as  the  pure  drug  (Xie  et  al.,  2007).  Indomethacin  was  conjugated  with 
double  hydrophilic  PEO-b-PG2MA  block  copolymers  for  enhancing  water  solubility  and 
pH-dependent  drug  delivery  in  acidic  medium  (Giacomelli  et  al.,  2007). 


11*7*2  Tissue  Engineering  Applications 

The  successful  tissue  engineering  application  of  biodegradable  copolymers  or  other 
polymers  includes  the  delivery  of  drugs  or  cells  with  the  production  of  a  tissue  template, 
leading  to  developing  new  tissue  in  place  of  damaged  tissues  (Langer  and  Tirrell,  2004; 
Langer  and  Vacanti,  1993).  The  developed  or  newly  formed  tissue  scaffold  should  have 
similar  biological  and  mechanical  characteristics  as  the  original  tissue.  The  polymeric  scaf¬ 
fold  should  also  possess  the  healing  property  to  the  stem  cells  or  preseeded  cells  by  pro¬ 
viding  them  with  support  and  differentiation.  The  polymer  residue  should  be  completely 
degraded  and  replaced  with  the  newly  formed  tissue  during  the  tissue  healing  process. 
The  properly  designed  process  requires  development  of  a  polymer  or  composite  material 
that  follows  all  the  characteristics  as  described  above.  The  synthetic  biodegradable  poly¬ 
mers  have  been  widely  used  for  tissue  engineering  applications  due  to  their  simpler  and 
easier  manufacturing  and  regulatory  approval  process  as  well  as  their  biocompatible 
nature.  For  example,  several  types  of  hydrophobic  and  biodegradable  polyesters  like  PCL, 
PLGA,  and  PLA  have  already  been  employed  in  resorbable  sutures  and  orthopedic 
devices  (Nair  and  Laurencin,  2007). 

The  hydrophobicity  of  the  polymers  may  affect  the  nature  of  the  tissue  and  hence,  some 
chemical  modification  (PEG  treatment)  should  be  required  to  make  them  amphiphilic,  so 
that  they  can  easily  adjust  with  the  amphiphilic  characteristics  of  the  biological  environ¬ 
ment.  The  cell  membrane,  ECM  and  most  of  the  proteins  are  amphiphilic  in  nature;  hence, 
the  amphiphilic  polymers  interact  with  these  ECM  proteins  and  help  in  the  tissue  forma¬ 
tion.  The  interaction  of  polymers  and  the  release  of  growth  factors  from  the  ECM  proteins 
are  the  main  processes  for  the  regeneration  and  maintenance  of  tissue  (Schultz  and 
Wysocki,  2009).  When  polyester  or  other  hydrophobic  block  copolymers  are  treated  with 
the  hydrophilic  PEG,  they  become  amphiphilic  and  can  be  employed  in  tissue  engineering 
applications.  The  PEG  treatment  of  copolymers  may  also  have  several  other  advantages 
such  as  prevention  of  nonspecific  tissue  adhesion  and  hence  increasing  the  circulation 
time,  nonimmunogenicity,  bioinactivity,  and  safety  in  vivo  (Latour,  2005;  Schellekens 
et  al.,  2013).  Due  to  these  special  characteristics  of  amphiphilic  BBCs,  they  have  various 
applications  in  the  different  fields  of  tissue  engineering  and  some  of  them  are  discussed 
below. 

11.7.2.1  Skin 

The  elastic  nature  of  block  copolymers  assists  in  the  regeneration  of  soft  tissues  with 
higher  encapsulation  efficiency  and  release  of  protein  drugs.  Various  types  of  block 
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copolymers  have  been  discovered  for  different  applications  in  the  skin  tissue  engineering 
field.  The  reconstruction  of  the  tympanic  membrane  or  eardrum  has  been  prepared  using 
PEGT-PBT  copolymer  (Grote  et  al.,  1991;  Bakker  et  alv  1990).  Some  other  copolymers  like 
PLLA  are  used  with  the  PEGT-PBT  polymer  membrane  for  the  regeneration  of  skin.  The 
PEGT-PBT  membrane  maintained  the  growth  and  proliferation  of  fibroblasts  and  keratino- 
cytes  when  examined  in  rat  models  (Beumer  et  al.,  1993). 

Fibrous  and  vascular  tissue  growth  was  also  observed  during  the  tissue  growth  pro¬ 
cess,  required  for  the  regeneration  of  skin.  The  preseeded  fibroblast  cells  containing 
copolymers  were  studied  in  pig  models,  which  suggested  the  full  repair  of  skin  cells  on 
the  wounded  areas  (Van  Dorp  et  al.,  1998).  The  preseeded  fibroblast  cells  help  in  the 
structure  and  arrangement  of  collagen  protein  in  the  skin  tissues.  The  copolymers  were 
uptaken  by  the  macrophage  cells  and  degraded  after  2  months  of  administration. 
However,  some  limitations  of  the  PEGT-PBT  copolymers  were  observed  in  the  human 
trial  due  to  foreign  body  reactions,  scar  tissue  formation,  and  wound  contraction.  The 
foreign  body  reaction  and  retarded  degradation  of  the  copolymers  may  be  responsible 
for  the  failure  of  tissue  regeneration  (Mensik  et  al.,  2002).  Another  group  of  scientists 
used  a  conjugated  system  of  epidermal  growth  factor  (EGF)  with  the  PCL/PEG-PCL 
block  copolymer  for  treating  diabetic  ulcers.  The  EGF  modified  system  showed  higher 
expression  of  keratinocyte  genes  (i.e.,  loricrin  and  keratin-1)  than  the  unmodified  system 
and  wound  closure  appeared  in  the  first  7  days  postop  with  the  modified  system  in  vivo 
(Choi  et  al.,  2008). 

11.7.2.2  Bone 

Bone  defects  are  repaired  by  using  various  types  of  BBCs.  The  amphiphilic  PEGT-PBT, 
PCL-PEG,  PLA\PLGA-PEG,  or  poly(ethyl  glycinate/p-methyl  phenoxy)  phosphazene/ 
hydroxyapatite  (PPHOS/HA)  are  the  most  widely  used  biodegradable  scaffolds  for  bone 
tissue  engineering.  The  PEGT-PBT  with  70%  PEG  showed  the  best  result  in  the  cortical 
bone  integration  with  higher  calcification  level  at  the  scaffold  (Radder  et  al.,  1994). 
Sometimes,  preswelled  polymers  may  also  be  useful  in  bone  defects,  as  discussed  by 
Sakkers  et  al.  (2000)  who  used  preswelled  PEGT-PBT  scaffold  for  femoral  defects  in  goats 
(Sakkers  et  al.,  2000). 

The  PEGT-PBT  scaffold  showed  inflammation  and  momentous  osteolysis  for  the  repair¬ 
ing  of  the  metacarpophalangeal  joint  after  the  52  weeks  postop  in  mini  guinea  pigs  (Waris 
et  al.,  2008).  The  polymers  get  degraded  in  about  3  years  and  the  inflammation  was 
resolved  with  the  sclerotic  bone  having  cysts.  The  copolymer  efficacy  for  the  repair  of 
bone  defects  may  also  be  improved  by  mixing  suitable  minerals  like  calcium,  phosphate 
with  the  hydrophobic  PEGT-PBT  scaffold  (Nandakumar  et  al.,  2009).  Other  amphiphilic 
polymers  made  up  of  PLA  and  PCL  polymers  were  also  studied  for  the  tissue  engineer¬ 
ing  applications  in  the  defects  related  to  bone.  The  amphiphilic  PLA  (PLA-DX-PEG)  was 
used  as  the  coating  material  of  (3-tricalcium  phosphate  in  rabbit  femoral  defect  models 
and  compared  with  the  scaffold  loaded  with  50  |ig  growth  factor  (rhBMP-2).  The  rhBMP- 
2  loaded  implant  showed  new  bone  formation  and  enhanced  functional  strength  while 
there  was  minimal  or  no  new  bone  formation  in  the  implant  without  growth  factor  after  2 
years  of  the  implantation  (Yoneda  et  al.,  2005).  Similarly,  hyaluronic  acid  (HA)  polymer 
was  used  with  two  different  amphiphilic  copolymers,  that  is,  PLA-DX-PEG  and  PLA-PEG 
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have  a  rhBMP-2  dose  of  50  and  5  jig,  respectively,  for  rabbit  bone  defects.  The  difference 
in  the  action  of  both  implants  may  be  due  to  the  fact  that  sustained  release  of  growth  fac¬ 
tor  from  PLA-DX-PEG  implant  was  less  (2  weeks)  than  PLA-PEG  implant  (3  weeks) 

(Kaito  et  al.,  2005). 


11.7.2.3  Cartilage 

The  articular  cartilage  is  basically  made  up  of  chondrocytes,  which  are  meagerly  dis¬ 
persed  in  a  thick  ECM  composed  of  glycosaminoglycans  and  type  II  collagen  (Sophia 
Fox  et  al.,  2009).  The  repairing  of  cartilage  damage,  using  a  suitable  scaffold  system,  is  a 
complex  task  due  to  its  limited  cellularity  and  avascular  nature.  The  development  of 
appropriate  scaffold  for  cartilage  regeneration  is  a  major  area  of  research  because  they 
do  not  have  the  capacity  to  form  proper  hyaline  cartilage,  while,  they  can  be  modified  to 
prepare  mechanically  weaker  fibrocartilage  (Keeney  et  al.,  2011).  Earlier,  high  molecular 
weight  PEG  (about  100  kDa)  was  used  with  the  chondrocytes  for  cartilage  regeneration 
in  nude  mice  models,  but  PEG  does  not  have  the  capacity  to  provide  proper  mechanical 
integrity  to  the  cartilaginous  environment  and  cannot  be  easily  eliminated  from  the  body 
(Sims  et  al.,  1996),  while  PEG-based  amphiphilic  block  copolymer  has  been  used  for  pro¬ 
viding  biodegradability  and  mechanical  stability  to  the  system.  Various  types  of  amphi¬ 
philic  scaffold  system  have  been  developed  for  different  types  of  clinical  and  preclinical 
models,  as  shown  in  Table  11.5. 


11.7.2.4  Spinal  Cord/Nerve 

Damage  or  injury  to  the  spinal  cord  or  peripheral  nerves  may  be  responsible  for 
impairment  in  various  functions  of  the  body  as  well  as  death.  The  repair  of  these  damages 
or  injuries  is  an  essential  requirement  for  the  proper  functioning  of  the  body  (Pabari  et  al., 
2010).  Different  types  of  amphiphilic  BBCs  have  been  used  for  the  repairing  and  treatment 
of  nerve  and  spinal  cord  damage  and  injuries  as  the  scaffold  systems.  The  hydrophobic 
polymers  are  used  with  the  hydrophilic  polymers,  which  provide  them  several  advantages 
like  enhanced  degradability  and  drug  release,  improvement  in  the  physical  properties,  etc. 
For  example,  PDDLA  has  been  used  with  the  PDDLA-PEG  block  for  repairing  of  spinal 
cord  injuries  (Maquet  et  al.,  2001). 

PDDLA  is  a  hydrophobic  foam-like  material  while  the  other  block  acts  as  the  hydro¬ 
philic  moiety.  The  scaffolds  were  implanted  in  the  injured  spinal  cord  of  the  rat  models, 
which  showed  the  interaction  between  the  scaffold  and  the  spinal  cells  and  nerve  cells 
after  30  days.  The  limitation  of  the  study  was  the  foreign  body  response  present  and  the 
study  was  not  evaluated  after  30  days,  and  so  does  not  tell  about  the  degraded  products 
followed  by  the  immune  reaction.  In  another  study,  the  peripheral  damage  was  repaired 
using  the  porous  PEG-PCL  polyurethane  scaffold  and  mouse  fibroblast  and  rat  glial  cells 
were  developed  on  the  soft  scaffolds  (Li  et  al.,  2014).  Some  scientists  compared  the  periph¬ 
eral  nerve  growth  with  different  systems  like  PEG-PCL  polyurethane,  PCL  scaffolds,  auto¬ 
graphs,  and  silicone  tubes.  The  conclusion  of  the  study  showed  that  the  PEG-PCL 
copolymer  has  better  growth  and  attachment  of  nerve  cells  on  the  amphiphilic  scaffold 
than  on  the  hydrophobic  PCL  scaffolds  (Niu  et  al.,  2014). 
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TABLE  11.5  Various  Amphiphilic  Scaffold  for  Cartilage  Regeneration 


Scaffold 

Model 

Inference 

Reference 

PEGT-PBT  with  70%  and 

55%  PEG  and  chondrocytes 

Nude  mice 

The  scaffold  with  70%  PEG  showed  more 
production  of  cartilage  tissue  evaluated 
against  55%  PEG  when  administered 
subcutaneously 

Hendriks  et  al. 
(2013) 

PEG-PCL  with  70%,  50% 
and  30%  PEG 

Nude  mice 

The  70%  PEG  containing  scaffold  exhibited 
more  staining  of  collagen  type  II  protein 
when  stained  with  Safranin  O  which 
concluded  that  the  70%  PEG  scaffold 
helpful  in  more  production  of  cartilage 
neotissues  than  the  other  scaffolds 

Park  et  al. 
(2007) 

70%  PEGT-PBT  and  55% 
PEGT-PBT 

Rabbits  models  with 
an  osteochondral 
defect 

The  osteochondral  defect  has  been  repaired 
in  a  more  vigorous  manner  with  70% 
scaffold  in  12  weeks  after  the  implantation 

Jansen  et  al. 
(2009) 

A  mixture  of  PLA-PEG  and 
rhBMP-2 

Rabbits  models  with 
an  osteochondral 
defect 

The  scaffold  with  growth  factor  has 
produced  cartilage-like  tissue  after  6  weeks 
of  administration.  However,  the  next  issues 
were  not  as  uniform  and  strong  as  the 
native  hyaline  tissues 

Tamai  et  al. 
(2005) 

Methoxy-PEG  (MPEG)-PLG  A 

Goats  and  rabbits 

The  cell-seeded  scaffold  showed  more 
uniform  histology,  but  neotissues  lack  the 
proteoglycan  staining,  which  confers  the 
difference  between  the  cartilage  neotissues 
and  the  surrounding  cartilage 

Hansen  et  al. 
(2013),  Lind 
et  al.  (2008) 

Polycaprolactone  copolymer- 
based  polyester 
polyurethane-urea  (PSPU-U) 

Microfracture  rats 

The  PSPU-U  copolymer  with  short-term 
degradative  nature  exhibited  better 
qualitative  histology  and  enhanced  defect 
filling  when  compared  with  the  control 
group 

Shah  et  al. 
(2017) 

11*7*3  As  Architect  for  Nanoparticles 

Block  copolymers  have  been  widely  used  in  various  types  of  delivery  systems. 
Nanoparticle  systems,  made  up  of  several  types  of  BBCs,  are  employed  for  the  delivery  of 
anticancer  agents,  insulin,  and  other  protein  drugs.  The  poly  (2-alky  1-2-oxazoline)  (PAOx) 
based  copolymer  was  used  to  deliver  curcumin  for  the  treatment  of  cancer.  The  copoly¬ 
mers  are  amphiphilic  in  nature  as  they  contain  both  hydrophilic  and  hydrophobic  blocks 
in  different  ratios.  Curcumin  is  the  natural  hydrophobic  substance  obtained  from  turmeric 
and  it  has  anticancer  properties.  The  curcumin  loaded  NPs  were  prepared  with  PAOx 
copolymer  that  showed  increased  solubility  of  curcumin  and  significant  cytotoxicity  on 
the  cancer  cell  line.  Thus,  these  block  copolymers  provide  a  better  nanoparticulate  system 
for  the  hydrophobic  drug  or  substance  (Raveendran  et  al.,  2017). 

PEGylated  PLGA  diblock  copolymers  were  used  for  the  preparation  of  insulin-loaded 
biodegradable  NPs,  which  improved  the  stability  and  enhanced  activity  of  the  insulin. 
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The  insulin  sensitivity  was  determined  in  diet-induced  type-II  diabetic  mice  model  while 
the  release  and  biological  activity  of  insulin  from  the  NPs  was  investigated  in 
streptozotocin-induced  type-I  diabetic  Swiss  mice  model.  The  result  showed  the  insulin 
was  stable,  sensitive  and  showed  a  sustained  therapeutic  effect  from  3  h  to  6  days  in  the 
diabetic  mice  models  (Haggag  et  al.,  2016).  The  NPs  made  up  of  PLGA  polymer  showed 
lower  entrapment  of  protein  drug-like  ovalbumin  (OVA)  while  the  PEG-modified  system 
exhibited  higher  uptake  of  the  drug  in  the  nanoparticulate  system.  The  PEG-b-PLGA  NPs 
were  not  able  to  control  the  release  of  the  drug,  hence,  there  is  need  to  add  one  more  poly¬ 
meric  block,  that  is,  poly(allyl  glycidyl  ether)  (PAGE)  in  between  both  moieties.  The  addi¬ 
tion  of  PAGE  in  the  nanoparticulate  system  provided  a  better  drug  entrapment  and 
controlled  release  of  the  drug  when  compared  with  the  PLGA  and  PEG-b-PLGA  NPs 
(Rietscher  et  al.,  2016). 


11*7*4  Biodegradable  Block  Copolymers  as  Injectable  Drug  Delivery  Systems 

Various  types  of  stimuli-sensitive  polymeric  materials  have  been  used  for  the 
injectable  preparations.  The  polymers  (such  as  poloxamers  or  isopropyl  acrylamide)  that 
exhibit  some  responses  to  stimuli  like,  temperature,  electric  field,  or  pH,  have  applicabil¬ 
ity  for  injectable  systems.  However,  these  polymers  are  nonbiodegradable  and  toxic  in 
nature,  which  may  lead  to  limited  use  for  drug  delivery  systems.  The  new  BBCs  have 
been  developed  with  the  use  of  PLLA  and  PEO  block  as  the  biodegradable  hydrogel  drug 
delivery  system.  The  hydrogel  system  shows  gel— sol  behavior  in  the  solution  state  at 
higher  temperature  (>  45° C)  and  injects  as  the  solution  form,  while  at  lower  temperature 
(in  the  body  at  about  37°C)  converts  to  the  gel  form  and  shows  sustained  release  of  drug 
from  the  gel  matrix  (Jeong  et  al.,  1997).  The  BBCs  have  also  been  used  for  the  successful 
delivery  of  the  drug  into  the  ocular  chamber  through  the  intravitreal  routes.  A  triblock 
temperature-sensitive  copolymer  system,  that  is,  PLGA-PEG-PLGA,  was  used  to  deliver 
dexamethasone  (DEX)  from  the  gel  matrix  system  at  the  ocular  site.  The  developed  sys¬ 
tem  provides  controlled  release  of  the  drug  for  longer  duration  of  time  and  does  not 
affect  the  physiology  and  structure  of  the  retina  and  cornea  when  compared  with  the  sus¬ 
pension  formulation.  Thus,  the  triblock  copolymer  has  been  developed  as  an  effective 
and  biocompatible  delivery  system  for  the  treatment  of  posterior  segment  disorders 
(Zhang  et  al.,  2015). 

Another  study  revealed  the  use  of  block  copolymer  as  a  pH  and  temperature  sensitive 
system  for  the  sustained  and  controlled  delivery  of  the  hormonal  drug  (hGH).  The  devel¬ 
oped  system  was  made  up  of  two  types  of  block  units,  that  is,  PEG-poly(amino  carbonate 
urethane)  (PEG-PACU),  which  are  biodegradable  and  biocompatible  in  nature.  The  system 
was  in  the  solution  state  at  the  lower  pH  and  temperature  (pH  6  and  23°  C),  while  at  bio¬ 
logical  conditions  (pH  7.4  and  37°C)  convert  to  the  gel  form.  The  in  vivo  study  in 
Sprague-Dawley  rats  exhibited  the  hormone  release  from  the  polymeric  gel  matrix  in  a 
sustained  manner  with  the  controlled  biodegradation.  Hence,  this  double  responsive 
injectable  hydrogel  system  has  been  selected  as  a  better  system  for  the  sustained  release  of 
the  hormonal  drug  (Phan  et  al.,  2016). 
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11*7*5  In  Preparation  of  Block  Copolymer  Micelles 

Chen  et  al.  (2015)  developed  glycomicelles  using  glycopolymer-b-PCL  (GP-PCL)  block 
copolymer  with  a  different  percentage  (20%,  40%,  80%,  and  100%)  of  lactobionic  acid 
(LB A)  for  the  targeting  delivery  of  Dox  to  hepatoma  cells.  The  in  vitro  cell  line  study 
showed  higher  Dox  uptake  with  glycomicelles  via  the  overexpressed  asialoglycoprotein 
receptor  (ASGP-R)  on  the  hepatoma  cell  line  as  compared  with  the  nonglycomicelle  for¬ 
mulation.  Furthermore,  minimum  half  maximal  inhibitory  concentration  (IC50)  was 
obtained  with  the  glycomicelles  with  the  maximum  concentration  (i.e.,  100%)  of  LBA. 
Therefore,  the  LBA  modified  glycomicelles  were  developed  as  a  hopeful  contender  for  the 
targeting  delivery  of  the  anticancer  agent  to  the  liver  cell  via  overexpressed  ASGP  recep¬ 
tors  (Chen  et  al.,  2015). 

Similarly,  lipoic  acid  (LA)  and  cholic  acid  (CA)  anchored  Dox-loaded  crosslinked 
micelles  (CLM)  were  formulated  using  PEG-b-PGA  BBCs.  The  cellular  uptake  study  of  these 
CLMs  was  performed  in  HeLa  cells  and  demonstrated  the  release  of  Dox  with  confocal  laser 
scanning  microscopy.  The  MTT  assays  supported  the  cytotoxicity  activity  of  Dox-loaded 
CLM  as  the  noncrosslinked  micelles;  however,  the  blank  micelles  did  not  have  any  activity 
on  the  cells  (Li  et  al.,  2015a,b,c).  Various  stimuli-responsive  micellar  systems  have  also  been 
developed  that  use  different  responses,  like  pH,  reductive  reactions,  or  light,  as  the  trigger¬ 
ing  agent  for  the  delivery  of  the  drug  to  the  desired  site.  The  PEG-PLA  block  copolymer 
was  used  as  a  redox-responsive  system  with  different  polymer  ratios.  The  glutathione 
(GSH)  treated  HeLa  cells  triggered  the  release  of  the  drug  more  often  and  showed  higher 
cytotoxicity  from  the  responsive  micelle  system  as  compared  with  the  cells  devoid  of  GSH. 
Hence,  the  responsive  micellar  system  with  BBCs  may  be  developed  as  an  excellent  and 
biodegradable  drug  delivery  system  for  the  cancer  cell  targeting  (Yang  et  al.,  2015). 


11*8  PACKAGING  AND  STERILIZATION 


Biodegradable  copolymers  can  be  degraded  in  biological  fluid  when  administered  in 
the  body  as  well  as  in  the  environmental  conditions  like  moisture,  air,  etc.,  during  the 
manufacturing  and  storage  period.  The  protection  of  polymers  from  the  environmental 
conditions  is  of  prime  importance  for  the  activity  of  the  same.  Therefore,  the  packaging  of 
the  polymer  should  be  totally  waterproof  and  moisture  should  not  enter  into  the  packag¬ 
ing  material.  After  the  polymer  synthesis,  all  the  water  or  moisture  content  should  be 
removed  by  a  suitable  method  and  packaged  immediately  with  the  appropriate  materials 
in  the  inert  or  vacuum  atmosphere  (Song  et  al.,  2014). 

The  polymers  should  be  stored  under  refrigeration  conditions  and  opened  when  the 
material  is  at  room  temperature,  to  reduce  the  condensation  reaction  on  the  polymeric 
material.  The  degradative  nature  of  the  polymer  depends  upon  the  rate  of  hydrolysis, 
polymer  properties,  and  shelf  life  of  polymer.  For  example,  polymers  made  up  of  hydro- 
phobic  moieties  (lactide)  are  less  susceptible  to  hydrolytic  degradation  while  polymers 
with  hydrophilic  moieties  (glycolide)  are  more  susceptible  to  hydrolytic  degradation 
(Malathi  et  al.,  2014). 
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The  polymers  should  also  be  sterilized  prior  to  application  into  the  biological  environ¬ 
ment.  As  discussed  earlier,  biodegradable  polymers  are  sensitive  to  moisture,  and  they 
cannot  be  sterilized  with  autoclaving,  hence,  radiation  or  gas  sterilization  technique  is 
used.  However,  these  techniques  may  also  have  some  drawbacks,  including  that  high- 
intensity  radiation  may  cause  degradation  of  polymers  and  that  ethylene  oxide  gas,  pres¬ 
ent  in  the  material  during  the  sterilization  process,  is  toxic.  The  temperature  and  humidity 
also  play  an  important  role  in  the  sterilization  process  for  maintaining  the  proper  structure 
and  morphology  of  the  polymers.  The  temperature  should  be  lower  than  the  glass  transi¬ 
tion  temperature  of  the  polymer  (Dai  et  al.,  2016;  Tipnis  and  Burgess,  2018). 


11.9  CONCLUSION 


This  chapter  explains  the  recent  developments  in  the  field  of  various  block  copolymers 
that  can  be  assembled  on  the  surface  and  in  solution.  These  copolymers  focused  on  the 
biological  and  biomedical  application  for  the  delivery  of  various  active  moieties.  BBCs 
have  been  studied  extensively  and  found  to  be  well-recognized  biomaterials  for  use  in  the 
field  of  biomedical  applications.  The  chapter  includes  various  BBCs  with  information  on 
their  synthesis,  detailed  design,  degradation  properties,  and  their  numerous  applications 
in  the  treatment  of  different  ailments/ diseases.  The  development  of  these  new  block  copo¬ 
lymers  will  unquestionably  provide,  better  flexibility  and  perspective  in  the  development 
of  delivery  systems.  Their  applications  for  the  delivery  process  are  providing  more  and 
more  challenges  and  provide  a  new  path  for  the  modification  of  the  system  to  be  used 
effectively. 


Abbreviations 

ASGP-R 

asialoglycoprotein  receptor 

BBCs 

biodegradable  block  copolymers 

BCMs 

block  copolymer  micelles 

BHb 

bovine  hemoglobin 

BSA 

bovine  serum  albumin 

CLM 

lipoic  acid  (LA)  and  cholic  acid  (CA)  anchored  Dox  loaded  cross  linked  micelles 

CLV 

clavulanic  acid 

DEX 

dexamethasone 

DNA 

deoxy  ribonucleic  acid 

Dox 

doxorubicin 

ECM 

extracellular  matrix 

EGF 

epidermal  growth  factor 

FC 

ferrocene 

GP-PCL 

glycopolymer-b-poly(£-caprolactone) 

GSH 

gluthathione 

HA 

hyaluronic  acid 

hCT 

human  calcitonin 

hGH 

human  growth  hormone 

IC50 

minimum  half  maximal  inhibitory  concentration 

IPDI 

isophorone  diisocyanate 
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K-Naph 

potassium  naphthalene 

LA 

lactic  acid 

LBA 

lactobionic  acid 

Lira 

liraglutide 

miRNAs 

MicroRNAs 

NIR 

near-IR 

NPs 

nanoparticles 

OSM 

sulfamethazine 

OVA 

ovalbumin 

P(V  S-VA)-g-PLG  A 

poly( vinyl  sulfonate-covinyl  alcohol)-graft-poly(D,L-lactic-coglycolic  acid 

PAGE 

poly(allyl  glycidyl  ether) 

PAOx 

poly(2-alkyl-2-oxazoline) 

PBO 

poly(butylene  oxide) 

PBS 

poly(butylene  succinate) 

PBS-PBT 

poly  [(butylene  succinate)-co-poly(butylene  terephthalate)] 

PBT 

poly(butylene  terephthalate) 

PCGA 

poly  O-caprolactone-co-glycolic  acid) 

PCL 

poly(e-caprolactone) 

PCLA-PEG 

poly(£-caprolactone-co-lactide)-PEG 

PDLA 

Poly(D-lactic  acid) 

p-DNA 

plasmid  DNA 

PDT 

photo  dynamic  therapy 

PEG 

poly(ethylene  glycol) 

PEG-PACU 

poly(ethylene  glycol)-poly(amino  carbonate  urethane) 

PEGT-PBT 

poly(butylenes  terephthalate)-poly(butylene  terephthalate) 

PEO 

poly(ethylene  oxide) 

PEO-PPO 

poly(ethylene  oxide)-poly(propylene  oxide) 

PET 

positron  emission  tomography 

PETP 

polyethylene  terephthalate 

PGA 

poly(glycolic  acid) 

PHA 

poly(3-hydroxyalkanoate) 

PHB 

poly(hydroxyl  butyrate) 

PLGA 

poly(lactic  acid-co-glycolic  acid) 

PLLA 

poly(L-lactic  acid) 

PMMA 

polymethacrylate  acid 

PPDX 

poly(p-dioxanone) 

PPG 

poly(propylene  glycol) 

PPHOS/HA 

poly  (ethyl  glycinate/p-methyl  phenoxy)  phosphazene/  hydroxyapatite 

PS 

poly(styrene  oxide) 

PSA 

poly(sebacic  anhydride) 

PS-b-PMMA 

poly(styrene-b-methacrylate) 

PTBVE 

poly(£erf-butyl  vinyl  ether) 

PTBVE-b-PCL 

poly(fcrf-butyl  vinyl  ether)-fr-poly(£-caprolactone) 

PTMG 

poly(tetramethylene  glycol) 

PVA 

polyvinyl  alcohol 

PVP 

poly(N-vinyl-2-pyrrolidone) 

RES 

reticuloendothelial  system 

siRNA 

small  interfering  RNA 

SLS 

sodium  lauryl  sulfate 

THF 

tetrahydrofuran 

US-FDA 

US  Food  and  Drug  Administration 

UV 

ultraviolet 

a-CD 

a-cyclodextrin 

(3-CD 

[3-cyclodextrin 
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12.  BIONANOTECHNOLOGY  IN  PHARMACEUTICAL  RESEARCH 


12*1  NANOTECHNOLOGY  AND  BIONANOTECHNOLOGY: 

AT  A  GLANCE 


The  modern  era  is  an  arena  of  interdisciplinary  research;  it  involves  coming  together  of 
various  disciplines  of  science  to  work  hand  in  hand  for  the  betterment  of  the  human  race. 
Bionanotechnology  is  unique  against  all  the  major  technologies  of  the  21st  century.  It  has  a 
dramatic  effect  on  the  social  structure  and  economy  of  the  world  (Bhushan,  2017). 
Bionanotechnology  is  the  intersection  of  biological  research  with  various  aspects  of  nano¬ 
technology  (Fig.  12.1). 

It  is  the  implication  of  nanotechnology  to  expand  the  horizons  of  biology. 
Nanotechnology  refers  to  research  and  manipulations  of  matter  at  nanoscale  or  1—100  nm 
ranges.  It  refers  to  a  vast  range  of  research  in  various  disciplines  like  industrial,  agricul¬ 
tural,  nanomedicine,  food,  dairy  products,  nanoelectronics  and  nanomaterials,  etc.,  where 
the  common  trait  is  nanosize.  Biotechnology  also  refers  to  applications  of  various  recent 
research  techniques  to  biological  systems,  living  organisms,  and  their  physiological  and 
metabolic  processes  to  produce  and  modify  products,  or  it  can  be  understood  as  the  appli¬ 
cation  of  biological  systems,  organisms,  microbes,  and  biological  processes  for  crop 
research,  food  and  pharmaceutical  research,  etc.  (Jain  and  Jain,  2017;  Zhang  et  al.,  2017). 

The  perception  of  scientists  behind  the  bionanotechnology  interdisciplinary  research  is 
that  it  has  great  potential  to  revolutionize  our  future;  nanotechnology  will  cater  to  the 
needs  of  biological  research,  giving  a  depth  of  understanding  and  working  with  biological 
molecules  such  as  bacteria,  toxins,  proteins,  nucleic  acids,  etc.  at  nanoscale  while  biological 
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FIGURE  12.1  Combining  biotechnology  with  nanotechnology. 
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principles  can  be  applied  with  nanotechnology  for  understanding  and  manipulation  of 
cellular  processes  and  molecular  interactions  for  development  of  cellular  and  genetic 
products  (Fig.  12.2). 

However,  the  use  of  nanotechnology  in  biotechnology  has  certain  limitations,  which  are 
indicated  in  Fig.  12.3. 


FIGURE  12.2  Understanding  tools  and  interaction  between  a  biological  system  and  nanomaterials. 
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FIGURE  12.3  Challenges  in  using  nanotechnology-based  tools  in  biotechnology. 
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FIGURE  12.4  Schematic 
representation  of  interfaces 
between  nano-  (first  col¬ 
umn)  and  biomaterials 
(middle).  (A)  A  nanoparticle 
attachment  with  antibodies. 

(B)  Enzyme  immobilized  on 
a  nanorod  has  great  applica¬ 
tions  as  a  biosensor  in  the 
pharmaceutical  industry. 

(C)  Enzyme  immobilized  on 
nanosheets  of  polymers. 


Bionanotechnology  in  pharmaceutical  research  is  expected  to  play  an  important  role  in 
biomedical  and  biosensor  applications,  from  drug  delivery  and  molecular  imaging  to  gene 
therapy  and  clinical  diagnostics  (Chakraborty  et  al.,  2011).  It  can  alter  the  pharmacokinetic 
and  biopharmaceutical  properties  of  drugs  to  enhance  absorption  and  to  overcome  pro¬ 
blems  associated  with  drug  delivery.  It  holds  great  promise  of  enhancing  the  value  of 
drug  therapy  by  improving  the  efficiency  of  drug  discovery,  delivery,  and  disease  detec¬ 
tion,  thus  reducing  overall  costs  and  improving  outcomes  (Bhushan,  2017).  Schematic 
representation  of  the  interface  between  nano  and  biomaterials  is  showing  in  Fig.  12.4. 

12*2  ADVANTAGES  OF  BIONANOTECHNOLOGY  RESEARCH 


Bionanotechnology  in  research  leads  to  various  biomedical  applications  with  numerous 
advantages  such  as  labeling,  diagnostics,  (bio)sensing,  targeted  imaging,  as  well  as  deliv¬ 
ery,  cellular  delivery,  therapeutics,  biocomputing,  bioelectronics  etc.  Some  of  the  applica¬ 
tion  areas  are  indicated  in  Fig.  12.5. 

Bionanotechnology  will  focus  on  developing  nanostructures  of  biomaterials  for  diagno¬ 
sis  and  detection  of  diseases  at  earlier  stages  by  conjugating  nanoparticles  with  targeting 
in  vivo  imaging  agents  and  tumor  markers  (Satyanarayana  and  Rai,  2011).  Antiepidermal 
growth  factor  receptor  monoclonal  antibodies  conjugated  with  nanoparticles  for  diagnosis 
of  a  tumor  is  an  example.  Designing  of  smartphone-based  nanobiosensors  that  have  silver 
and  fullerene  coated  cellulose  acetate  sensors  leads  to  a  diagnosis  of  diseases  like  tubercu¬ 
losis  and  multiple  sclerosis  (Al-Qattan  et  al.,  2018;  Soni  et  al.,  2017;  Tekade  and  Sun,  2017; 
Chinen  et  al.,  2015). 
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FIGURE  12.5  Various  areas  explored  using  bionanotechnology. 


Importantly,  bionanotechnology  has  revolutionized  tissue  engineering  in  regeneration 
of  skin  in  terms  of  tissue  repair  or  reconstruction  of  lost  or  damaged  tissue  through  the 
use  of  growth  factors,  cell  therapy,  injectable  biopolymers,  and  biomaterials  especially 
in  severe  burns,  bruises  and  chronic  wounds,  where  the  treatments  available  are  not 
sufficient  for  the  prevention  of  formation  of  scars  (Korrapati  et  al.,  2016). 

Moreover,  bionanotechnology  products  may  improve  drug  delivery  through  targeted 
approach  due  to  the  accumulation  of  nanoproducts  at  high  concentration  due  to  the  dis¬ 
tinct  pathophysiology  of  diseased  tissue.  Radio  and  magnetic  signals  are  also  used  to 
guide  the  nanoparticles  or  nanorobots  to  the  target  in  the  body.  Nanoscale  biomaterials 
designed  through  biological  sources  have  unique  properties  distinct  from  bulk  materials. 
They  have  enhanced  ion  exchange,  surface  area,  surface  interaction  sites,  complexation 
sites,  improved  biodegradation,  etc.  (Sanna  et  al.,  2014). 

Bionanotechnology  also  has  the  potential  to  revolutionize  agriculture  by  replacing  con¬ 
ventional  farming;  nanofabricated  materials  designed  with  plant  nutrients  can  impart 
more  nutrients  to  the  soil.  Soils  contaminated  with  heavy  metals  and  pesticides  can  be 
remediated  with  zerovalent  nanoparticles,  also  pesticide  delivery  systems  through  bio¬ 
active  nanoencapsulation  are  under  process.  Also,  more  productive  crops  are  made  by 
genetic  manipulation  thereby  reducing  their  dependence  on  pesticides,  fertilizers,  and 
irrigation  and  enhancing  resistance  to  diseases  (Prasad  et  al.,  2014). 

Bionanotechnology  in  the  food  sector  has  the  advantage  of  preventing  food  decay  and 
poisoning.  It  includes  biosensors  for  detection  and  quantification  of  pathogens;  alterations 
in  food  compositions,  organic  compounds,  and  other  chemicals  in  food;  also  fruits  can  be 
preserved  with  thin  edible  films.  The  development  of  an  electronic  tongue  and  nose,  as 
well  as  high-performance  sensors  are  also  underway  (Roohinejad  and  Greiner,  2017). 

Other  than  this,  DNA  based  bionanotechnology  research  includes  DNA  fingerprint¬ 
ing,  criminal  investigations,  polymerase  chain  reactions  for  determination  of  diseases, 
fossil  determination,  etc.  DNA  nanobiostructures  can  be  designed  to  sturdy  stiff 
branched  DNA  tiles  having  sticky-ends,  being  able  to  self-assemble  into  well-defined 
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nanostructures,  which  are  further  used  to  serve  as  scaffolds  for  biomolecular  crystalliza¬ 
tion  and  to  organize  molecular  electronics  components,  therefore  viral  vectors  can  be 
replaced  by  nanosized  gene  carriers  for  gene  therapy  and  plasmid-based  DNA  delivery. 
Drugs  and  gene  delivery  at  the  cellular  level  can  be  enhanced  for  genetic  modification  of 
plants  and  animals.  DNA  based  biosensors  for  early  detection  of  a  tumor  and  flu  virus 
(Abu-Salah  et  al.,  2015). 

Apart  from  that,  bionanotechnology  with  nanobioelectronics  has  many  advantages  in 
brain  research  and  neuroscience  (Kumar  et  al.,  2018).  Carbon  nanotubes  electrically  stimu¬ 
late  neural  stem  cells  and  generate  signals  for  nanomaterial— neural  interfaces,  for  the  inte¬ 
gration  of  bionics  devices  with  the  human  brain  (Kayat  et  al.,  2011;  Mody  et  al.,  2014; 
Kuche  et  al.,  2018).  Bionanotechnology  has  the  potential  for  genomic  diagnostics,  and 
genetic  engineering  based  therapeutics  (Angle  et  al.,  2015).  Transgenic  production  of  milk, 
protein  pharmaceuticals,  and  nutraceuticals  are  a  big  advantage  to  the  food  industry. 
Bioremediation  by  microbial  consortia  in  the  environmental  cleaning  of  hazardous  wastes 
of  the  pharmaceutical  industry,  petroleum  wastes,  chemicals,  wastewater,  and  contami¬ 
nated  soil  is  a  big  advantage  of  modern  bionanotechnology.  Future  generations  of 
bionanotechnology  would  include  artificial  limbs,  internal  organs,  sensory  organs,  and 
human  augmentation  (Sekhon,  2014). 


123  ROLE  OF  BIONANOTECHNOLOGY 
IN  PHARMACEUTICAL  RESEARCH 


123*1  In  Nano-DNA  Technology 

DNA  nanostructuring  is  a  great  choice  for  bionanotechnology  researchers  due  to  self¬ 
assembling  properties  of  DNA  in  a  controlled  and  predictable  manner.  The  new  era  of  bio¬ 
logical  research  has  begun  with  the  discovery  of  the  polymerase  chain  reaction  (PCR). 
Novel  classes  of  semisynthetic  DNA  protein  conjugates,  self-assembled  oligomeric  net¬ 
works  consisting  of  streptavidin  and  double-stranded  DNA,  which  can  be  converted  into 
well-defined  supramolecular  nanocircles,  have  been  developed.  New  immunological 
reagents  for  the  ultrasensitive  trace  analysis  of  proteins  and  other  antigens  by  immune 
PCR  methodology  can  be  produced  by  using  DNA-streptavidin  conjugates  as  molecular 
building  blocks.  Immuno-PCR  is  a  combination  of  the  exponential  power  of  the  amplifica¬ 
tion  of  PCR  with  the  specificity  of  immunoassay  based  on  the  antibody,  thereby  having  a 
1000-fold  degree  of  sensitivity  higher  than  standard  ELISA  (enzyme-linked  immunosor¬ 
bent  assay)  methods  (Wang  et  al.,  2017). 

DNA-streptavidin  conjugated  self-assemblies  are  also  applicable  in  the  nanotechnol¬ 
ogy.  The  conjugates  are  used  for  ion-switchable  nanoparticle  networks,  as  programmed 
building  blocks  for  the  rational  construction  of  complex  biomolecular  architecture, 
which  are  used  as  templates  for  the  growth  of  nanometer-scale  inorganic  devices  and 
as  nanometer  scale  "soft  material"  calibration  standards  for  scanning  probe  microscopy 
(Li  et  al.,  2016). 

Covalent  conjugates  of  single-stranded  DNA  and  streptavidin  are  used  as  biomolecular 
adapters  for  the  immobilization  of  biotinylated  macromolecules  at  solid  substrates  through 
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FIGURE  12.6  Double-stranded  DNA  as  self-assembled  nanoribbons,  grids,  and  tiles. 


nucleic  acid  hybridization.  This  "DNA-directed  immobilization"  allows  for  reversible  and 
site-selective  functionalization  of  solid  substrates  with  metal  and  semiconductor  nanoparti¬ 
cles  or,  vice  versa,  for  the  DNA-directed  functionalization  of  gold  nanoparticles  with  pro¬ 
teins,  immunoglobulins,  and  enzymes  (Seymour  et  al.,  2015).  The  fabrication  of  functional 
metallic  nanostructures  from  gold  nanoparticles  and  antibodies  is  used  as  a  diagnostic  tool 
in  bioanalytics.  A  schematic  representation  of  double-stranded  DNA  as  self-assembled 
nanoribbons,  grids,  and  tiles  is  represented  in  Fig.  12.6. 

12*3*2  In  Polymorphism  Analysis 

Single  nucleotide  polymorphisms  (SNPs)  are  variations  in  a  DNA  sequence,  where  a 
single  nucleotide  in  the  genome  differs  between  members  of  a  species.  Each  individual 
has  unique  DNA  patterns.  SNPs  are  the  most  common  type  of  molecular  variation. 
Since  the  publication  of  a  more  than  two  million  SNP  map  of  human  genome  variation 
sequence,  the  development  of  the  technologies  to  use  this  in  a  cost-effective  manner  is  a 
great  challenge.  SNPs  have  become  an  important  marker  for  genetic  studies  (Gawad 
et  al.,  2016). 

Genotyping  methods  have  great  potential  for  the  development  of  novel  diagnostics, 
markers  to  enable  pharmaceutical  and  biotechnological  research  to  uncover  the  ties 
between  diseases  and  genetic  variants.  Polymorphism  detection  through  microfluidic 
devices  enables  very  rapid  fragment  separation  by  high-performance  liquid  chromatogra¬ 
phy  and  capillary  electrophoresis,  together  with  mixing,  transport  of  reagents,  as  well  as 
biomolecules  in  integrated  systems  (Jung  et  al.,  2015).  The  objectives  in  the  development 
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of  extraction  and  purification  system  of  DNA  for  high-throughput  SNP  genotyping 
requirements  are: 

•  Cleansing  and  removing  of  cellular  debris  (e.g.,  proteins),  which  hampers  DNA 
amplification  or  hybridization  assays; 

•  Mechanical  breakdown  of  the  DNA  and  release  of  the  DNA  into  solution  without 
endonucleases; 

•  Use  of  simplified  protocols  for  preparation  of  high-throughput  DNA  sample; 

•  Hazardous  chemicals  are  avoided  to  minimize  the  overall  handling  and  disposal  cost; 

•  High  degree  of  reproducibility  in  quality  and  quantity  of  DNA  amplification  and 
hybridization; 

•  Supply  for  the  enormous  number  of  anticipated  assays  and  direct  loading  of 
conventionally  sampled  biopsies  is  ensured  by  a  highly  efficient  process. 

The  smart  biochip  platforms  have  given  potential  to  nanotechnology  to  contribute  for 
rapid  high-throughput  SNP  analysis  (Boutet  et  al.,  2016).  SNPs  have  now  become  the  mar¬ 
kers  of  choice  for  high-resolution  mappings  and  population  genomic  studies.  The  develop¬ 
ment  of  an  electronically  addressable  microarray  platform  has  given  rise  to  Nanogen  Inc. 
(San  Diego,  California,  USA).  The  challenge  of  providing  SNP  screening  throughput  of  a 
very  high  order  of  genotypes  per  day  will  need  to  be  achieved  for  establishing  significant 
ties  between  genes  and  diseases  (Lyberopoulou  et  al.,  2016). 

For  a  high  magnitude  of  screening  to  be  possible,  the  technology  platform(s)  need  to 
deliver  it  at  an  economic  cost.  The  conventional  SNP  analysis  techniques  lack  speed,  sensi¬ 
tivity,  and  cost-effectiveness,  therefore,  nanotechnology,  novel  processes,  and  tools  with 
the  potential  to  provide  the  capabilities  required  are  being  introduced  (He  et  al.,  2015). 


12*3*3  In  Detection  as  Biomarkers 

Bionanoparticles  can  be  used  in  vitro  for  detection  of  tumors  at  the  cellular  level.  They 
render  a  more  sensitive  analysis  by  concentrating  and  protecting  a  marker  from  degrada¬ 
tion,  thereby  enhancing  the  detection.  Bioengineered  nanostructures  can  be  combined  with 
biomarkers  offering  platforms  for  easier,  quicker,  and  more  sensitive  assay.  Reports  sug¬ 
gest  that  fluorescent  polystyrene  nanospheres  coated  with  streptavidin-TransFluospheres 
(red  fluorescence)  and  Fluospheres  (green  fluorescence)  were  25  times  more  sensitive  than 
streptavidin-fluorescein  conjugate  for  the  detection  of  the  epidermal  growth  factor  recep¬ 
tor  (EGFR)  on  A431  cells  (human  epidermoid  carcinoma  cells).  Carbon  nanotubes  can  be 
combined  with  recombinant  antibodies  for  more  effective  antigen  detection  in  the  immune 
sandwich  assay  (Tekade  et  al.,  2017a).  In  another  report,  a  2-nm-thick  single- walled  carbon 
nanotube  is  attached  to  an  IgG  antibody  against  the  neurodegenerative  disease  and  neuro¬ 
endocrine  tumor  biomarker  (Frank  et  al.,  2014). 

Nanowires  have  been  very  effective  in  detecting  biomolecules  and  cancer  biomarker 
proteins.  Derivatized  gold  nanoparticles  soak  up  and  amplify  the  bound  biomarkers  after 
combining  with  blood  collection  devices,  to  act  as  "molecular  mops."  These  nanoparticles, 
with  their  bound  diagnostic  cargo,  act  as  enriched  biomarker  signatures.  Also  many  times 
contrast  agents  have  been  loaded  onto  nanoparticles  for  the  purpose  of  tumor  diagnosis. 
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The  nanoparticles  by  virtue  of  their  size  and  physical  properties  allow  the  targeting,  con¬ 
centration,  and  redirection  of  the  marker  at  the  target  site  (Luo  and  Davis,  2013). 

A  study  suggests  that  nanostructure  has  markedly  enhanced  sensitivity  over  traditional 
immunoassays,  an  alpha-fetoprotein.  Also,  hepatocellular  carcinoma  biomarker  gold  nano¬ 
shell  immunoassay  was  10,000  times  more  sensitive  as  compared  with  ELISA,  and  the  bio¬ 
markers  coupled  nanodevices  can  replace  traditional  immunoassays  by  providing  on  the 
spot  detection  of  diseases,  which  is  otherwise  cumbersome.  Labeled  radionuclide  colloidal 
particles  could  be  used  as  radiodiagnostic  agents.  Some  nonlabeled  colloidal  systems  have 
been  used  and  are  still  being  explored  as  contrast  agents  in  diagnosis  procedures  like 
computed  tomography  and  NMR  imaging,  tumor  diagnosis,  etc.  (Jain,  2017). 


12*3*4  In  Tissue  Engineering 

Tissue  engineering  is  gaining  huge  importance  in  recent  years  as  it  creates  new  tissues 
in  vitro  by  cells  or  combination  of  cells,  followed  by  surgical  placement  in  the  body,  or  it  sti¬ 
mulates  regeneration  by  introducing  biomimicked  scaffolds,  bionanoconstructs,  and  implants 
near  the  damaged  tissue.  Tissue  engineering  is  mainly  concerned  with  material  that  resem¬ 
bles  the  body's  native  tissue  or  similar  to  that,  either  from  the  patient  themselves  (autolo¬ 
gous)  or  from  another  person  (allogeneic)  and  from  other  mammalian  sources  (xenogeneic) 
(Bhise  et  al.,  2017;  Ghanghoria  et  al.,  2016;  Gorain  et  al.,  2017;  Pashneh-Tala  et  al.,  2015). 

Nanotechnology  in  tissue  engineering  leads  to  fabrication  of  biomimicked  nanoscaf¬ 
folds,  bioartificial  tissues,  an  implantable  prosthetic  devices  providing  more  biocompatible 
and  more  viable  microenvironment  for  cell  growth  in  a  terminally  diseased  organ  like  an 
eye,  ear,  heart,  or  joint,  or  growing  of  an  artificial  organ  (Thomas  et  al.,  2015). 

Biomaterials  engineered  to  nanoscale  have  the  benefit  of  biomimicking  to  native  tissues 
like  extracellular  fluids,  cardiac  tissues,  bone  marrow,  etc.  Polycaprolactone  and  PLGA 
nanofibers  and  scaffolds  are  used  for  bone  and  cardiovascular  muscle  tissue  engineering 
(Sridhar  et  al.,  2015). 

Techniques  like  electrospinning,  soft  lithography,  microfluidic  patterning  and  replica 
molding  in  modulating  erythropoietic  stem  cells,  neural  cells,  cartilage  cells  (chondro¬ 
cytes),  mesenchymal  osteoprogenitor  (bone)  cells,  vascular  cells,  and  hepatic  tissue  engi¬ 
neering  through  nanotechnology  can  lead  to  newer  heights  in  development  in  the 
generation  of  new  organs  (Thomas  et  al.,  2015). 

Nanoengineering  of  hydroxyapatite  for  bone  replacement  is  a  reasonable  advancement. 
In  future,  personalized  nanorobots  tailored  to  the  genotype  and  phenotype  of  the  patient 
for  optimized  early  intervention  in  the  course  of  expression  of  disease  would  be  a  routine 
therapeutic.  We  could  imagine  a  world  where  bioengineered  nanodevices  would  be  rou¬ 
tinely  implanted  or  injected  into  the  blood  of  individuals  for  continuous  monitoring  of 
wellness  and  automatic  participation  in  the  repair  of  impaired  systems  (Xavier  et  al.,  2015). 

Programmed  replication  and  prerequisite  DNA  encoding  would  lead  to  the  nanoscale 
building  of  cells  and  the  organs  would  be  grown  to  be  compatible  with  the  required 
human  body  immunological  status.  Integration  of  artificial  structures  with  living  tissues 
would  be  enhanced,  leading  to  a  quantum  leap  in  the  management  of  organ  failure  disor¬ 
ders  (Tay  et  al.,  2015). 
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12*3*5  In  Molecular  Imaging 

The  basic  fundamental  principle  behind  the  bionanotechnology  in  molecular  imaging  is 
that  nanoscale  particles  such  as  quantum  dots  and  iron  oxide  nanoparticles  have  semicon¬ 
ductor,  magnetic,  and  structural  properties  that  when  combined  with  biotargeting  ligands 
would  target  directly  to  molecular  components  of  malignant  tumors  or  diseased  organs 
with  high  affinity  and  specificity.  The  images  obtained  from  these  systems  lead  to  rapid 
identification  of  tumors  and  targeted  therapy  for  the  precise  destruction  of  target  cells 
(Beik  et  al.,  2016). 

New  approaches  to  imaging  using  genetically  encoded  bioluminescent  and  fluorescent 
tags  or  labels,  and  nanoprobes  linked  with  molecular  processes,  are  revealing  insights  to 
the  living  body  more  clearly  and  more  efficiently  than  traditional  imaging  devices.  This 
information  can  be  used  to  develop  therapeutic  approaches  to  cancer,  infection,  and  car¬ 
diovascular  and  neurodegenerative  disease.  Scientists  have  reported  that  magnetodendri- 
mer  labeled  stem  cells  permit  localization  after  therapeutic  injection  as  well  as  MRI 
detection,  and  detection  of  early  atherosclerosis  by  uptake  of  ultrasmall  iron  oxide  parti¬ 
cles  in  plaque  macrophages  has  been  carried  out  (Sharma  et  al.,  2015;  Soni  et  al.,  2017). 
Similarly,  paramagnetic  polymerized  liposomes  coupled  with  antibody  ligands  to  neo- 
vascular  integrins  av(33  are  targeted  to  experimental  tumor  angiogenesis  (Wegner  and 
Hildebrandt,  2015). 

Newer  transgenic  light  producing  animal  models  (GFAP-luc)  were  presented  by  Xenon 
during  the  third  Annual  Meeting  of  the  Society  for  Molecular  Imaging.  The  model  plays 
an  important  role  in  tracking  damage,  and  repair  in  postischemic  stroke  or  Parkinson's 
disease,  which  are  chronic  neurological  conditions.  Targeted  perfluorocarbon  nanoparti¬ 
cles  are  used  as  an  ultrasound  imaging  agent  and  for  targeting.  Tiny  microbubbles  that 
scatter  light  are  also  used  as  an  ultrasound  contrast  agent.  Gas-filled  microbubbles  (trade 
name  Sonolysis)  are  administered  intravenously  or  locally  into  the  vascular  graft;  thereaf¬ 
ter  ultrasound  is  applied  externally  or  internally  via  catheter  over  the  area  of  the  blood 
clot  for  providing  localized,  targeted  action  for  dissolving  vascular  thrombosis.  Sonolysis 
nanosurgery  is  a  less  invasive,  quick,  and  safer  therapy  for  dissolution  of  vascular  throm¬ 
bosis  (Ruan  et  al.,  2015). 

NeutroSpec  is  a  radiodiagnostic  agent  consisting  of  the  IgM  monoclonal  antibody  fano- 
lesomab  labeled  with  technetium  99.  It  allows  quick  location  of  the  infection  of  appendici¬ 
tis  through  visualization  of  scintigraphic  images  generated  via  gamma  camera.  The 
eXplore  Locus  Ultra  CT  scanner  is  capable  of  quantitating  physiological  measurements 
and  dynamic  image  acquisition  of  tumors  and  organ  perfusion  at  one-second  speed. 
Short-lived  contrast  agents  can  be  used  for  imaging  of  vasculature  and  anatomy  of  soft 
tissues  (Thakur  and  Weiner,  2016). 


12*3*6  In  Drug  Delivery  Applications 
12.3.6.1  Lipid-Based  Nanoparticles 

The  capability  to  incorporate  genes  and  drugs  in  site-targeted  nanoparticles  is  a  para¬ 
digm  shift  in  the  era  of  bionanotechnology  (Tekade  et  al.,  2017c).  Lipid-based  nanoparti¬ 
cles  are  specially  designed  for  drug  delivery  and  gene  transfer  applications  as  they  are 
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able  to  protect  the  encapsulated  material  from  being  cleared  by  the  reticuloendothelial  sys¬ 
tem  as  well  as  protect  the  nontarget  tissues  from  undesirable  effects  of  the  entrapped  ther¬ 
apeutic  agent  (Pattni  et  al.,  2015). 

Moreover,  as  they  are  biodegradable,  they  can  be  cleared  without  leaving  any  undesir¬ 
able  residue  behind  in  the  body.  Nanosystems  made  of  phospholipids  can  be  self- 
assembled  spontaneously.  Lipid  nanoparticles  can  be  designed  in  different  forms,  such  as 
micelles,  bilayers,  and  hexagonal  vesicles  depending  on  their  method  of  preparation. 
There  can  be  a  wide  range  of  sizes  (i.e.,  20—1000  nm),  depending  upon  the  compositions, 
methodology,  intended  purpose,  and  need  (Attarwala  and  Amiji,  2016). 

Liposomes  and  its  variants  are  a  special  category  of  lipid  nanoparticles  for  drug  deliv¬ 
ery  (Maheshwari  et  al.,  2012).  They  can  be  formulated  as  a  dry  powder,  suspension,  aero¬ 
sol,  or  in  a  semisolid  form,  such  as  cream  or  gel.  The  drug  can  be  deposited,  trapped,  or 
loaded  actively  and  passively  in  these  nanoparticles;  hydrophobic  drugs  can  be  entrapped 
in  the  bilayer  of  the  phospholipids,  whereas  hydrophilic  drugs  could  be  embedded  in  the 
aqueous  core  (Maheshwari  et  al.,  2015). 

Conventional  liposomes  can  be  modified  for  specific  purposes  and  can  act  as  gene  vec¬ 
tors;  they  can  be  coupled,  targeted  through  ligands  and  antibodies,  or  PEGylated  [poly 
(ethylene  glycol)  modified]  for  stealth  effect.  The  above-mentioned  modifications  alter 
their  interactions,  reticuloendothelial  (RES)  uptake,  and  control  their  distribution  and 
residence  in  the  body  (Pattni  et  al.,  2015). 

12.3.6.2  Inorganic  Nanoparticles 

Inorganic  nanoparticles  are  of  special  interest  due  to  their  fluorescence,  durability,  radio 
opaqueness,  and  magnetic  properties.  Some  examples  of  inorganic  nanoparticles  include 
gold,  carbon  materials,  iron  oxide,  calcium  phosphate,  silicon  oxide,  zinc  selenide,  and 
cadmium  selenide.  Gold  nanoparticles  are  most  commonly  used  for  the  purpose  of  drug 
delivery  among  all  as  they  can  be  shaped  to  the  desired  size,  and  surface  modification  can 
be  done  by  coating  with  a  variety  of  molecules.  Inorganic  nanoparticles  are  easily  surface 
modified  for  targeting  a  tissue,  to  bypass  the  immune  system,  and  to  fluoresce  for  imaging 
and  multifunctional  uses  (Ciliberto  and  Alta  villa,  2016). 

12.3.6.3  Nanoviricides 

Conventional  antiviral  therapy  suffers  from  limited  efficacy,  resistance,  and  genetic  het¬ 
erogeneity  leading  to  incomplete  coverage.  Nanoviricides  are  specially  designed  nanosys¬ 
tems  for  viral  therapy.  A  proprietary  flexible  polymer  structure  is  chemically  attached  to 
virus-specific  ligands,  mimicking  the  natural  host  cell  receptor.  Polyethylene  glycol  (PEG) 
chain  and  alkyl  pendants  form  the  flexible  polymer  structure;  a  hydrophilic  shell  mini¬ 
mizes  immunogenicity  of  proteins  and  antibodies.  The  flexible  alkyl  chains  float  together, 
to  make  a  round  core  structure  like  an  immobilized  oil  droplet.  The  materials  that  form 
stable  nanoviricide  micelles  are  polymeric  surfactants  that  are  freely  soluble  and  flexible  in 
bodily  fluids.  The  chemical  moieties,  peptides,  antibody  fragments,  or  other  proteins  such 
as  virus-specific  ligands  can  be  attached  to  chemical  groups  uniformly  distributed  along 
the  polymer  chain  (Gupta,  2017). 

The  nanoviricide  ligands  have  the  capability  of  specific  interaction  with  glycoproteins 
on  the  virus  surface.  Thus  the  flexible  nanoviricide  reaches  in  very  close  proximity  to  the 
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FIGURE  12.7  A  schematic  of  nanoviricide. 


virus  surface,  making  it  easier  for  additional  ligands  to  bandwidth  additional  viral  coat 
proteins  for  cooperative  binding,  which  is  a  natural  process  such  as  DNA  hybridization, 
antibody-antigen  binding  complexes,  and  protein  assembly  formation  (Jain,  2017).  It  may 
also  be  referred  to  as  the  Velcro  effect,  where  polyvalency  can  result  in  very  high  avidity 
in  comparison  to  the  low  affinity  of  the  individual  (Bawa  et  al.,  2016). 

The  nanoviricides,  being  flexible,  fuse  with  the  lipid  coat  of  the  virus  by  phase  inversion 
and  engulf  and  dismantle  the  virus  by  surfactant  attack.  A  schematic  of  nanoviricide  is 
shown  in  Fig.  12.7. 

Nanoviricides  can  be  effective  in  the  treatment  of  bird  flu,  influenza  virus,  avian  flu, 
and  swine  flu  (FLUCIDE);  novel  eye  drops  for  the  treatment  of  conjunctivitis  and  keratitis, 
gels  and  skin  creams  for  herpes,  Danguenano  viricides,  and  HIVcide  are  under  clinical 
trials  (Lalu  et  al.,  2017).  They  will  surely  revolutionize  the  drawbacks  of  traditional  antivi¬ 
rus  therapy.  Future  nanoviricides  against  rabies,  hepatitis  G,  Ebola  virus,  rotavirus,  etc. 
are  in  pipeline.  Nanoviricides  are  a  great  hope  in  the  treatment  of  viral  infections  that 
otherwise  cause  severe  damage  and  discomfort  to  patients  like  influenza  lung  lesions, 
hemolysis,  and  necrosis  of  infected  tissues  as  well  as  death  (Diwan,  2012). 

12.3.6.4  Electrospinning  and  Drug  Delivery 

Electrospinning  is  a  potential  polymer  processing  technique  that  has  gained  interest 
over  the  past  decade.  The  first  publication  of  electrospinning  was  pioneered  by  Formhals 
in  1934.  It  has  been  recognized  as  the  most  useful  method  as  it  has  the  adaptability  and 
ability  to  fabricate  continuous  fibers  or  wires  on  a  large  scale,  with  diameters 
adjustable  from  microns  down  to  nanometers,  to  form  a  nonwoven  structure  (Maheshwari 
et  al.,  2017a).  A  charge  of  a  certain  polarity  is  introduced  in  a  polymer  solution  by  a  high 
voltage  source  leading  to  the  conversion  of  the  meniscus  of  the  solution  Taylor  cone  lead¬ 
ing  to  the  generation  of  polymer  fiber.  So,  the  process  utilizes  the  electrostatic  forces  for 
the  generation  of  polymer  nanofibers  (Khalf  and  Madihally,  2017). 
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The  electrospinning  can  generate  nanofibers  of  various  morphologies  such  as 
core— sheath,  porous  surface,  and  side-by-side  structures  incorporated  in  composites, 
tissue  scaffolds,  wound  healing,  and  drug  delivery  devices  in  biomedical  applications.  It 
can  also  be  very  useful  for  designing  nonwovens  for  filtration,  thin  coatings  for  defense, 
membranes  for  aerosol  purification  and  protection  structures.  Drugs  like  antibiotics, 
anticancer  proteins,  DNA,  and  RNA  can  be  delivered  through  electrospun  engineered 
scaffolds.  Electrospinning  generated  fiber  mats  hold  special  applications  in  tissue  engi¬ 
neering  as  they  promote  proliferation,  healing,  and  mimic  the  extracellular  matrix  and  can 
also  be  used  as  barriers  for  prevention  of  postoperative  induced  adhesion,  as  wound 
dressings,  and  for  tissue  regeneration  (Hu  et  al.,  2014). 


12*3*7  In  Gene  Delivery  Applications 

The  bionanoparticles  of  diameter  30—100  nm  secreted  by  most  of  the  biological  cells  are 
exosomes  and  are  considered  as  most  promising  for  gene  delivery.  They  have  unique  char¬ 
acteristics  like  signal  transduction,  cell  to  cell  communication,  transport  of  genetic  mate¬ 
rial,  and  immune  response  modulations,  making  them  valuable  for  stratification,  planning, 
evaluation  for  treatment  efficacy,  and  as  new  biomarkers  for  diagnosis.  Their  molecular 
composition  includes  lipids,  proteins,  and  nucleic  acids  providing  information  about  their 
cells  of  origin  and  their  status  (Ekiz-Kanik  et  al.,  2017). 

Semisynthetic  nanovesicles  using  exosomes  are  developed  by  surface  modifications 
for  various  specific  purposes.  Also,  synthetic  exosome-based  particles  using  bionanotech¬ 
nology  are  designed  for  gene  delivery.  Exosome-based  gene  delivery  is  a  nonviral  nano¬ 
scale  delivery  platform.  It  is  reported  that  exosomes  can  be  used  as  vehicles  for 
delivering  siRNA  for  suppressing  the  growth  of  cancer  cells  causing  a  gene  silencing 
effect,  thus  leading  to  inhibition  of  proliferation  of  cancer.  miRNA  incorporated  in  an 
exosome  can  be  used  for  diagnostic  purposes  (Maheshwari  et  al.,  2017b).  Exosomes  play 
a  unique  role  in  gene  therapy  of  certain  diseases  like  thalassemia  and  immunodeficiency, 
etc.  (Garcia-Manrique  et  al.,  2018). 

12.3.7.1  siRNA  Delivery  Strategies  Using  nANOTECHNOLOGY 

Small  interfering  RNAs  (siRNAs)  are  an  exciting  tool  in  gene  delivery  and  have  been 
proven  as  safe,  efficacious,  and  promising  therapeutics  because  of  their  high  specificity 
for  pathogenic  targets,  low  dose  requirements,  and  the  simplicity  of  development  pro¬ 
cess.  RNA  interference  is  a  promising  approach  for  producing  transgenic  animals,  gene- 
specific  knockouts  and  inhibitions,  and  designing  of  newer  therapeutics.  The  challenges 
for  the  delivery  of  siRNA  includes  plasma  nuclease  susceptibility,  excretion  and  blood- 
— brain  barrier,  nonspecificity  for  the  target  cells,  and  intracellular  degradation  by 
endosomes  (Kim  et  al.,  2016). 

Nanodelivery  carriers  have  the  ability  to  cross  biological  barriers.  siRNA  based  nano¬ 
medicines  can  be  formed  by  electrostatic  interaction,  entrapment,  or  conjugation  (Tekade 
et  al.,  2015).  Different  types  of  nanocarriers  are  being  widely  explored  for  siRNA  delivery: 
inorganic  (gold  NPs,  silica  NPs,  quantum  dots),  polymeric  (such  as  micelles,  nanogels, 
linear  chains,  dendrimers,  and  polymersomes,  etc.),  liposome-  and,  very  recently. 
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exosome-  and  DNA  nanostructure-based  carriers,  as  well  as  hybrids  integrating  the  advan¬ 
tages  of  various  materials  (Tekade  et  al.,  2015,  2016,  2017b;  Tekade,  2015).  SiRNA  based 
nanomedicine  can  pass  the  blood— brain  barrier  by  utilizing  glycemia-controlled  GLUT1 
receptor-mediated  transport,  tight  junction  opening  agents,  and  biomimetic  camouflage 
strategies;  thus,  it  can  be  effective  in  the  treatment  of  brain  disorders  like  Alzheimer's, 
neuronal  disorders,  etc.  SiRNA  is  also  used  for  the  treatment  of  cancer;  for  example, 
siRNA  is  used  to  target  K-RAS  carrying  valine-112  for  the  treatment  of  colon  cancer 
(Sarisozen  et  al.,  2015). 


12*3*8  In  Biomolecular  Engineering 

The  manipulations  of  biomolecules  like  proteins,  oligonucleotides,  nucleic  acids  in 
developing  novel  bionanomarkers,  bionanodevices,  bionanosensors,  and  therapeutics 
will  emerge  as  next-generation  applications.  Nanobiocomposites  include  both  nanoma¬ 
terials  and  biomacromolecules  like  polysaccharides,  proteins,  lipids,  and  inorganic 
materials  like  silica,  hydroxyapatite,  magnetite,  and  calcite.  The  peptide/protein  tem¬ 
plates  and  inorganic-specific  peptides  are  identified  and  designed  at  the  molecular  level 
through  directed  evolution  using  molecular  biology.  These  peptide  building  blocks  can 
be  further  engineered  by  joining  synthetic  entities,  including  functional  polymers  and 
nanoparticles  or  other  nanoentities.  Genetically  engineered  peptides  are  linked  to 
molecular  scaffolds  and  nanoassemblies  may  have  great  application  in  tissue  regenera¬ 
tion  (Capek,  2017). 


12*4  CHALLENGES  IN  THE  DEVELOPMENT  OF 
BION AN OTECHN OLOG Y-B ASED  PRODUCTS 


Although  bionanotechnology  holds  a  great  promise  to  scientists  for  efficient  diagnosis, 
effective  and  targeted  delivery,  there  are  still  challenges  and  unforeseen  adverse  effects 
facing  society  in  the  long  term.  A  major  challenge  is  the  commercialization  of  nanomater¬ 
ials  and  bionanoproducts  including  large-scale  production,  high  production  costs,  a  scar¬ 
city  of  venture  funds,  lack  of  a  well-established  nanoscale  industry,  and  the  absence  of 
clear  regulatory  and  safety  guidelines  (Jain  and  Jain,  2017). 

For  the  above-mentioned  reasons,  numerous  novel  bionanotechnology  products  are 
nearing  commercialization  but  the  production  of  robust  and  commercially  viable  products 
is  difficult.  The  other  issues  concerned  with  nanobiotechnology  are  related  to  health, 
safety,  social,  and  environmental  issues.  There  is  an  absence  of  sufficient  data  due  to  expo¬ 
sure,  organ  toxicity,  and  biokinetic  studies  of  bionanomaterials;  as  there  is  a  recent  boom 
in  their  invention,  it  should  be  mandatory  to  regulate  the  exposure  to  nanosized  materials 
through  unintentional  environmental  exposure  or  intentionally  for  medical  purposes 
(Tekade  et  al.,  2018).  The  FDA  and  the  National  Cancer  Institute  (NCI)  are  making  efforts 
for  standardization  of  nanomaterials  and  bionanoproducts. 

The  Nanotechnology  Characterization  Lab  (NCL)  was  established  by  the  NCI  for  deter¬ 
mination,  analysis,  standardization,  preclinical  toxicology,  efficacy,  and  pharmacology  of 
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nanoparticles  and  devices.  FDA  approval  is  necessary  for  the  clinical  application  of  nano¬ 
technology  and  there  are  substantial  regulatory  problems  encountered  in  the  approval  of 
nanoproducts.  Although  pharmaceuticals,  biologicals,  and  devices  are  all  regulated  differ¬ 
ently  by  the  FDA,  there  are  no  clear  guidelines  for  evaluation  of  emerging  nanotherapeu¬ 
tics  and  products  by  the  FDA.  The  implications  of  nanoparticles  at  the  cellular  level,  after 
their  entry  into  the  human  body,  are  yet  unknown  (Kaur  et  al.,  2014). 

Biological  sensors  on  biochips  with  high  density  for  diagnostic  purposes  and  nanoro¬ 
bots  that  are  capable  of  repairing  injuries,  destroying  tumors  while  navigating  throughout 
the  body,  and  even  performing  gene  therapy  employing  viral  vectors,  are  another  threat. 
From  a  long-term  perspective,  particles  that  can't  be  easily  controlled — or  even  seen — 
would  reach  the  body  at  the  cellular  level  and  deliver  harmful  substances  such  as  toxins 
thus  affecting  the  health  of  individuals.  Standardization  of  materials  used  for  nanomedical 
technologies  is  another  challenge.  The  other  challenges  are  the  environmental  disposal  of 
nanowaste.  Nanowaste  is  a  kind  of  waste  reaching  the  environment  by  manufacturing 
effluents  or  spillage  that  may  be  a  very  dangerous  being  of  its  nanosize.  It  can  float  in  the 
air  causing  nanopollution  and  might  easily  penetrate  plant  and  animal  cells,  leading  to 
unknown  effects  (Tekade  et  al.,  2017b). 

As  nanowaste  does  not  appear  in  nature,  by  virtue  of  its  size,  we  are  not  aware  of  its 
presence.  The  fabrication,  distribution,  application,  potential  abuse,  and  disposal  of  engi¬ 
neered  nanoparticles  should  be  properly  assessed  to  understand  the  health  hazards.  The 
safety  issues  regarding  remediation  of  soil  using  bionanomaterials  need  to  be  addressed, 
as  there  are  already  many  sites  injected  with  bionano  iron  nanoparticles,  and  so  the  effects 
on  fauna  and  flora  of  soil,  larger  wildlife,  and  food  chains  are  the  major  challenges.  Ethical 
issues  related  to  bionanotechnology  are  vast  (Morais  et  al.,  2014). 

The  DNA  based  research  work  like  genetic  engineering  will  lead  to  dissemination  of 
genetically  modified  organisms  to  the  environment.  This  involves  risk  and  creates  a  fear  of 
decreasing  the  gap  between  humans  and  robots;  nanorobots  capable  of  self-replicating 
would  disturb  the  balance  of  nature  by  converting  everything  in  the  world  into  copies  of 
themselves.  Social  scientists  have  suggested  that  risks  and  impacts  of  nanotechnology's 
social  issues  need  to  be  assessed  and  understood.  Massively  destructive  nanotechnological 
devices  in  military  and  terrorist  use  are  also  threatening;  thus  there  is  a  need  to  control 
their  research,  uses,  and  commercialization  (Satalkar,  2016). 

Recently,  bionanotechnology  has  provided  artificial  manipulation  of  the  fetal  geno¬ 
type  and  enables  prenatal  testing  for  fetal  genetic  conditions.  Though  it  may  have  a 
potential  advantage  the  challenges  are  regulations,  equity  in  benefits,  maternal  freedom, 
the  noninstrumentalization  of  human  beings,  protection  of  privacy  of  human  beings, 
continuous  risk  assessment  of  fully  foreseeable  effects  on  human  body,  ethical  consid¬ 
erations,  and  right  of  the  good  gene  (Mahyuddin  et  al.,  2014).  Bionanotechnology  may 
revolutionize  human  life  by  its  ability  to  diagnose  disease  (e.g.,  cancer)  at  a  very  early 
stage,  repair  or  reproduce  tissues,  deliver  drugs  at  the  cellular  level,  and  even  reverse 
disease,  but  we  human  beings  are  "playing  God"  by  interfering  directly  with  nature. 
There  is  a  big  question  as  to  what  extent  humanity  and  nanomachinery  should  blend  to 
be  ourselves  as  human  beings  rather  than  our  downloaded  versions  (Nikalje,  2015). 
Challenges  associated  with  the  development  of  bionanotechnology-based  products  are 
shown  in  Fig.  12.8. 
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12*5  HAZARDS  OF  BIONANOTECHNOLOGY:  TOXICITY 

CONSIDERATION 


Despite  the  numerous  applications  of  bionanotechnology  in  several  fields  and  tremen¬ 
dous  research  on  bionanoproducts  all  over  the  world,  toxicity  and  adverse  effects  of  biona¬ 
noproducts  is  a  matter  of  concern,  and  their  toxicology  has  not  yet  been  fully  evaluated, 
so  still  their  fate  in  the  living  body  is  not  answered  fully.  Because  of  the  wide  range  in 
sizes  of  nanoparticles  and  the  huge  diversity  of  materials  used,  the  adverse  effects  vary 
greatly  (Choudhury  et  al.,  2017;  Gorain  et  al.,  2016;  Moeendarbari  et  al.,  2016;  Tekade 
et  al.,  2009;  Hong  et  al.,  2016). 

The  biomedical  applications  of  nanotechnology  like  diagnostics,  biomarkers,  tumor 
imaging,  targeted  drug  delivery,  and  cell-targeted  delivery  have  severe  implications  by 
exposing  the  body  parts  to  nanosized  materials  by  skin,  ingestion,  inhalation,  direct  cellu¬ 
lar  delivery,  etc.  The  particles  smaller  than  200  nm  are  likely  to  enter  directly  to  the  cells  to 
act  as  a  gene  vector;  larger  ones  are  phagocytosed  by  macrophages.  Also,  the  charges  and 
moieties  attached  like  biomarkers  and  receptor  targeted  nanoparticles  determine  the  fate 
of  nanosized  material  in  the  body  (Nikalje,  2015). 

The  pharmacokinetics  of  nanosized  particles  is  different  from  coarse  particles.  After 
inhalation,  they  translocate  out  of  the  respiratory  tract  via  transcytosis  or  endocytosis  and 
are  efficiently  deposited  in  all  regions  of  the  respiratory  tract  thus  evading  specific  defense 
mechanisms,  sometimes  bypassing  the  blood— brain  barrier  and  reaching  the  brain.  After 
contact  with  skin,  they  permeate  to  the  dermis  followed  by  translocation  via  lymph  to 


FIGURE  12.8  Challenges  in  the  development  of  bionanotechnology-based  products  include  ethical  consider¬ 
ation,  safety  issues,  regulatory  requirements,  commercialization,  environmental  and  social  issues. 
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regional  lymph  nodes.  When  ingested,  systemic  uptake  via  gut-associated  lymphatic  tissue 
(GALT)  occurs.  After  reaching  blood  circulation,  they  are  translocated  into  the  liver,  bone 
marrow,  spleen,  heart,  and  other  organs,  hence  they  are  distributed  throughout  the  organ¬ 
ism  (Onoue  et  al.,  2014). 

In  general,  translocation  rates  are  probably  very  low  but  are  likely  to  increase  in  a 
compromised /diseased  state.  The  nanosized  particles  can  have  higher  inflammatory 
potential  per  given  mass  in  comparison  to  larger  particles.  The  most  common  accidental 
or  involuntary  exposure  to  bionanoproducts  is  through  inhalation.  The  finest  grains  can 
reach  the  alveoli  of  the  lungs,  from  which  they  can  exert  dangerous  effects  or  can  be 
translocated  to  blood  to  produce  deleterious  effects.  They  can  directly  enter  the  central 
nervous  system  by  bypassing  the  blood— brain  barrier  either  through  systemic  circulation 
via  the  olfactory  bulb  or  through  axons  of  the  olfactory  pathway  directly,  which  may 
lead  to  inflammation  in  the  brain.  Deposition  of  carbon  and  manganese  nanoparticles  in 
the  olfactory  bulb  via  the  olfactory  pathway  is  reported  in  some  studies  on  monkeys  and 
rats  (Ali  et  al.,  2016).  In  one  study,  the  researchers  showed  that  nanoparticles  killed 
human  lung  cells  in  the  lab  through  the  Akt-TSC2-mTOR  signaling  pathway  leading  to 
autophagic  cell  death  (Liu  et  al.,  2011). 

Yamawaki  and  Iwai  reported  in  vitro  toxicity  of  fullerenes  in  human  umbilical  vein 
endothelial  cells  leading  to  cytotoxic  morphological  changes.  There  is  a 
suitable  demonstration  that  a  single  nanomaterial  like  hydroxy  fullerene  plays  specific  cell 
toxicity  response  within  a  biological  system  (Yamawaki  and  Iwai,  2006). 

Also,  Radomski  et  al.  have  observed  the  acceleration  of  vascular  thrombosis  in  the  rat. 
Some  research  reports  have  demonstrated  the  toxicity  of  carbon  nanotubes  higher  than  the 
carbon  black  and  quartz.  Carbon  nanotubes  have  the  capability  to  cause  granuloma  forma¬ 
tion,  interstitial  and  peribronchial  inflammation,  and  necrosis  in  the  lungs  after  intratra¬ 
cheal  instillation  in  mice.  Occupational  exposure  to  nanosized  particles  eliciting  severe 
acute  lung  injury  has  been  reported  (Radomski  et  al.,  2005). 

Various  scientists  have  reported  that  rats  exposed  to  PTFE  (polytetrafluoro  ethylene) 
fumes  generating  nanosized  particles  of  18  nm  for  15  min  of  inhalation  leads  to  acute  lung 
toxicity.  Nanotoxicological  studies  on  laboratory-generated  nanosized  materials  have 
shown  significant  pulmonary  and  extrapulmonary  inflammatory  responses.  Ultrafine  TiC>2 
nanoparticles  instilled  intratracheally  in  rats  has  induced  greater  inflammatory  neutrophil 
response  than  the  fine  particles.  The  nanosized  metal  and  metal  oxide  materials  can 
damage  DNA  (Oberdorster  et  al.,  2009). 

Robison  et  al.  in  1983  studied  the  effect  of  charge  on  the  fate  and  phagocytosis  of 
carcinogenic  metal  particulate  compounds.  Negatively  charged  nickel  nanoparticles  are 
engulfed  by  cells  and  dissolved  in  acidic  pH  of  endocytic  vacuoles;  finally,  nickel  ions 
reach  the  cellular  nuclei  components  and  can  cause  multiple  damages  to  the  DNA 

(Robison  et  al.,  1983). 

Similarly,  Zhu  et  al.  reported  DNA  damage  (genotoxicity)  in  mouse  embryonic  stem 
cells  caused  by  multiwalled  carbon  nanotubes.  Some  reports  of  oxidative  stress  cellular 
response  mention  that  they  can  alter  cell  signaling  (cytokine  signaling)  pathways  and 
cause  changes  in  stress-related  gene  expression  more  than  the  coarse  particles,  therefore 
the  hazards  related  to  cells  need  to  be  addressed  before  judging  the  benefits  (Zhu  et  al., 
2007).  Translocation  of  nanosized  biomaterials  in  the  body  after  exposure  to  inhalation. 
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FIGURE  12.9  Translocation  of 
nanosize  biomaterials  in  the  body 
after  exposure  to  inhalation,  inges¬ 
tion,  skin  contact,  and  injection 
leading  to  systemic  circulation  and 
finally  reaching  all  the  organs. 


ingestion,  skin  contact,  and  injection  leading  to  systemic  circulation  and  finally  reaching 
all  the  organs  is  shown  in  Fig.  12.9. 


12*6  NANOBIOTECHNOLOGY  BASED  MARKETED  FORMULATIONS: 

AN  UPDATED  SUMMARY 


Abraxane,  an  anticancer  chemotherapy  nanoformulation  of  paclitaxel,  is  an  example  of 
first-generation  nanodrugs  approved  by  the  FDA.  Products  and  medical  applications  of 
modern  biotechnology  include  artificial  blood  vessels  from  collagen  tubes  coated  with  a 
layer  of  the  anticoagulant  heparin,  and  genes  therapy  to  treat  diseases  such  as  cystic  fibro¬ 
sis,  AIDS,  and  cancer  (Wicki  et  al.,  2015). 

DNA  nanostructures  Parabonnanolab  Products;  P24RDN  is  designed  for  the  treatment 
of  human  glioma  tumors.  Preclinical  studies  have  demonstrated  it  to  be  safe  and  effective, 
and  to  significantly  increase  survival  in  murine  models  hosting  intracranial  human  glioma 
tumors.  PJ-01,  which  is  being  developed  through  a  partnership  with  Janssen 
Pharmaceuticals,  is  designed  for  the  treatment  of  prostate  cancer.  Preclinical  studies  are 
underway.  Dermagraft  is  a  tissue-engineered  skin  product  for  successful  healing 
(Zhu  et  al.,  2007).  Comprehensive  details  on  various  products  in  the  market  are  presented 
in  Table  12.1. 


12*7  FUTURE  PROSPECTS  AND  CONCLUSION 


Despite  the  challenges,  debates,  and  disputes  over  bionanotechnology,  it  opens  up  the 
doors  of  a  new  era  with  immense  hope.  It  is  a  milestone  in  the  future  for  innovation  of 
pharmaceutical,  biomedical,  tissue  engineering,  gene  delivery,  bioremediation,  molecular 
imaging,  biomarkers  and  biosensors,  etc.  In  future,  it  will  emerge  as  a  great  tool  in  diag¬ 
nostics,  targeted  drug  delivery,  and  gene  delivery  to  intracellular  targets. 
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TABLE  12.1  List  of  Nanobiotechnology  Based  Products  in  the  Market 


Company 

Product 

Nano-Bridging  Molecules 

SurfLink  Dental  Implant  system 

Nano-Retina 

Artificial  retina  designed  to  restore  sight,  NR600  implant,  NR600  eyeglasses 

Nano-Biotech 

NanobacTX,  first  nanobiotic  for  improvement  of  cardiovascular  health  &  lipid  profile 

Nanobiotix 

NBTXR3  (radioenhancer  in  radiotherapy  of  cancer) 

NBTXR3  nanoparticles  +  gel  (improves  the  accuracy  in  delivering  X-rays  exactly  to 
the  site  of  interest  after  surgery) 

NBTX-IV  increased  tumor  destruction  and  potentially  reduce  the  subsequent  escape 
of  malignant  cells  localized  in  neighboring  lymph  nodes 

Nanofiber  Solutions 

•  Nano  Aligned  mimics  white  matter  of  the  brain. 

•  NanoECM  mimics  native  decellularized  tissue 

•  NanoHep  increases  viability  and  enzyme  expression  for  hepatocytes 

Nano-Hybrids 

Silica  coated  gold  nanorods  (Photoacoustic  imaging) 

Silica  coated  gold  nanospheres 

Nano-Light  Technology 

Nanotools  antibodies: 

Polyclonal  antisera  Glue 

Monoclonal  antisera  Glue 

Polyclonal  antisera  Pt.  GFP 

Polyclonal  antisera  RR  GFP 

Nano-RETE 

Blood-based,  lateral  flow  assay  kit  used  to  diagnose  TB  infection;  high  sensitivity  and 
superior  selectivity  against  the  market  standard  with  >80%  reduction  in  test  time 
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AIDS  acquired  immune  deficiency  syndrome 
EGFR  epidermal  growth  factor  receptor 
ELISA  enzyme-linked  immunosorbent  assay 
FDA  food  and  drug  administration 
GALT  gut-associated  lymphatic  tissue 
GFAP  glial  fibrillary  acidic  protein 
NCI  National  Cancer  Institute 
NCL  nanotechnology  characterization  lab 
PCR  polymerase  chain  reaction 
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PEG  polyethylene  glycol 

PLGA  poly(lactic-co-glycolic  acid) 

PTFE  polytetrafluoro  ethylene 

RES  reticuloendothelial 

SNP  single  nucleotide  polymorphisms 
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13.1  INTRODUCTION 


The  term  vision  refers  to  the  capability  of  an  eye  for  accepting  a  phobic  reflection  and 
thereby  converting  it  into  an  electrical  signal  in  the  posterior  segment.  This  neuronal  proces¬ 
sing  involves  both  the  brain  and  retina  (Tyler  et  alv  2015).  The  foremost  section  of  the  eye 
comprises  principally  of  the  cornea,  iris,  ciliary  body,  and  the  lens  while  the  posterior  seg¬ 
ment  is  the  choroid,  retinal  pigment  epithelium  (RPE),  and  neural  retina  along  with  their 
specialized  structure  macula  and  central  fovea  (Addo  et  al.,  2016).  Apart  from  its  visual 
function,  there  is  the  presence  of  a  mechanism  for  the  clearance  of  foreign  substances  to  pre¬ 
serve  the  visual  accuracy  and  this  clearance  mechanism  acts  as  a  barrier;  like  the  other  bar¬ 
riers,  it  becomes  a  safeguard  against  potential  toxins.  The  other  barriers  include  the 
blood— retina  barrier  and  blood— aqueous  barrier  (Cunha-Vaz  et  al.,  2011).  These  barriers  act 
as  the  protectant  against  immune  attack,  essentially  making  an  immune-privileged  area 
inside  of  the  eye  as  well  as  a  generally  toxin-free  site.  For  ocular  drug  delivery,  these  protec¬ 
tive  behaviors  create  problems  and  remarkable  opportunities  (Zulliger  et  al.,  2015).  These 
mechanisms  also  create  remarkable  challenges  in  the  development  of  a  formulation  for  oph¬ 
thalmic  therapy.  The  eye  is  a  readily  accessible  organ  for  the  delivery  of  drugs.  Drug  deliv¬ 
ery  to  the  eye  has  been  a  major  challenge  for  pharmacologists  and  drug  delivery  scientists 
owing  to  the  unique  structure  and  physiology  of  the  organ  (Schopf  et  al.,  2015). 

The  conventional  forms  are  easily  either  diluted  in  tear  film  or  excess  fluid  overflows 
into  the  lid  margin  with  the  remaining  part  draining  into  the  nasolacrimal  fluid  or  causing 
irritation  and  discomfort.  Along  with  certain  advantages  and  disadvantages,  various  types 
of  the  conventional  and  novel  drug  delivery  systems  are  available  in  the  market. 

So,  before  designing  and  developing  the  ocular  drug  delivery  system,  it  is  essential 
to  have  knowledge  about  the  structure  and  physiology  of  the  eye  as  well  as  eye-related 
diseases. 


13.2  STRUCTURE  OF  EYE 


13.2.1  Cornea  and  Sclera 

The  cornea  and  sclera  are  the  outermost  and  toughest  layers  and  have  an  internal  pres¬ 
sure  of  13—19  mm  Hg,  which  maintains  eye  dimensions  for  sharp  vision.  It  averages  only 
0.56  mm  in  thickness  yet  gives  up  to  80%  of  the  refractive  energy  of  the  eye  (Yoo  and 
Place,  2014).  Both  sclera  (which  covers  most  of  the  eye's  surface)  and  cornea  are  made  up 
of  type  1  collagen  fibers  with  different  size,  orientation,  degree  of  hydration,  and  mucopo¬ 
lysaccharides  presence  (which  gives  the  distinctions  in  transparency).  The  tear  film,  limbal 
vessels,  and  aqueous  humor  provide  nourishment  to  the  cornea  while  the  vascularization 
and  nourishment  of  sclera  are  through  several  blood  vessels.  The  presence  of  cellular  cor¬ 
nea  and  tear  film  provide  both  hydrophilic  as  well  as  lipophilic  barriers  to  penetrating 
molecules  (Agarwal  et  al.,  2016). 

Interestingly,  the  cornea  being  rich  in  nerve  strands  is  a  rich  vascular  structure.  The  cor¬ 
nea  is  formed  from  several  layers:  the  first  one  is  hydrophobic  epithelium  (approximately 
50  mm  thick)  bordered  by  Bowman's  layer,  then  hydrophilic  stromal  layer,  followed  by 
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the  thin  Descemet's  membrane  and  the  endothelium.  The  epithelium  is  a  tightly  packed 
lipid  containing  tissue,  joined  with  the  close  proximity  of  the  conjunctivae.  This  layer  may 
provide  a  tissue  reservoir  for  fat-soluble  drugs.  Basically,  it  is  a  hydrophobic  tissue,  and 
therefore  it  acts  as  a  barrier  for  the  maximum  of  the  hydrophilic  drugs  (90%)  and  a  few 
of  the  hydrophobic  drugs  (10%).  On  seeing  the  development  of  the  cornea,  it  is  revealed 
that  the  three-layered  system  of  this  zone  of  the  eye  is  responsible  for  its  poor  penetrabil¬ 
ity.  The  external  epithelium  is  a  lipophilic  layer  whereas  the  stroma,  which  is  the  thickest 
part  of  the  cornea,  is  hydrophilic  in  nature  (Mun  et  al.,  2014).  The  inward  endothelium  is  a 
solitary  layered  structure  of  the  straightened  epithelium-like  cells.  Both  lipophilic  and 
hydrophilic  layers  of  the  cornea  facilitate  the  absorption  of  both  hydrophilic  and  lipophilic 
drugs  (Ameeduzzafar  et  al.,  2016). 


13.2.1.1  The  Bowman's  Membrane 

It  is  a  thin  homogenous  sheet  with  8—14  pm  thickness.  It  is  not  considered  as  a  barrier 
for  the  absorption  of  the  drug  through  the  cornea  and  is  not  a  true  elastic  membrane. 


13.2.1.2  The  Stroma 

It  contributes  about  90%  to  the  thickness  of  the  cornea  in  most  of  mammals  and  acts  as 
a  main  barrier  for  the  highly  lipophilic  drugs.  It  is  composed  of  a  modified  connective  tis¬ 
sue:  70%  —  80%  water  contributing  to  the  wet  weight,  15%  collagen,  1%  each  for  glycosami- 
noglycans  and  salts,  and  the  remaining  5%  is  noncollagenous  proteins. 


13.2.1.3  Descemet's  Membrane 

It  is  a  tough,  homogenous,  and  very  resistant  membrane  about  of  6  pm  thickness  that 
behaves  as  a  barrier  controlling  the  entry  of  potentially  toxic  organisms,  and  allows  the 
movement  of  water  and  different  nutrients.  It  has  the  power  of  regeneration  if  damaged 

(Thassu  and  Chader,  2012). 


13.2.1.4  The  Endothelium 

It  is  a  single  layer  made  up  of  flattened  cells  of  about  5  mm  high  and  20  mm  wide, 
interlocked,  having  the  twisting  surfaces  and  completely  covering  the  posterior  surface  of 
the  cornea.  There  is  a  presence  of  gap  junctions  which  allowing  the  permeation  of  various 
substances  and  200  hundred  times  more  permeable  compared  with  the  epithelium.  It  is 
comprised  of  the  bicarbonate-dependent  Na+/K+-ATPase  pump  and  controls  an  equilib¬ 
rium  between  the  passive  movement  of  water  into  the  stroma  and  active  movement  of 
fluid  out  of  it.  This  controlled  in  and  out  movement  of  water  and  fluid  respectively  is 
accountable  for  maintaining  corneal  transparency  and  their  constant  thickness  (Qazi  et  al., 
2010).  Any  disturbance  in  the  active  pump  or  in  the  bicarbonate  efflux  (via  carbonic  anhy- 
drase  inhibitors)  leads  to  thickening  and  clouding  of  the  cornea  due  to  swelling  as  a  result 
of  water  absorption  by  the  stroma.  These  unfavorable  changes  in  corneal  thickness  affect 
the  absorption  of  a  drug  by  an  increase  in  path  length. 
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13*2*2  Iris 

The  iris  is  a  pigmented,  muscular  ring  present  before  the  lens  and  controls  the  amount 
of  light  entering  into  the  interior  of  the  eye.  The  pectinate  ligaments  help  to  join  it  radially 
to  the  cornea  and  the  ciliary  body.  It  is  a  contractile  diaphragm  that  controls  a  central 
aperture,  which  is  called  the  pupil.  The  presence  of  smooth  muscles  helps  to  change  the 
size  of  the  pupil,  thus  controls  the  amount  of  light  entering  and  reaching  to  the  retina 
(Thassu  et  al.,  2012).  The  role  of  iris  in  drug  delivery  is  mainly  passive  but  the  effect  is  sig¬ 
nificant  and  should  be  considered.  This  is  because  of  relatively  heavy  pigmentation  of  the 
tissue,  which  is  responsible  for  the  absorption  of  many  drugs,  generally  lipophilic  in 
nature,  and  effectively  acts  as  a  reservoir  or  sink  for  such  substances  and  provides  slow 
release  of  drugs  for  long  periods  of  time. 


13*2*3  Choroid 

The  ciliary  body,  a  heavily  muscled  ring  of  tissue  supplied  with  a  broad  capillary 
bed,  mainly  consists  of  two  functional  areas:  the  ciliary  muscle  and  the  ciliary  processes. 
It  is  roughly  triangular  in  the  cut  section  and  is  a  continuous  extension  of  the  choroid. 
The  ciliary  processes  are  arranged  in  different  surface  folds  with  ciliary  epithelium  cov¬ 
ering  the  fingerlike  arrangement  and  producing  the  aqueous  humor.  The  inner  layer  of 
the  ciliary  body  is  toward  the  vitreous  body  and  is  nonpigmented  until  it  reaches  the 
iris  (pigmented  thereafter)  (Thassu  et  al.,  2012).  Pigment  granules  in  the  ciliary  body  can 
behave  as  considerable  reservoirs  for  lipophilic  drugs.  Significantly,  the  two  cell  layers 
are  attached  by  tight,  occluding  junctions  that  result  in  the  formation  of  the  barrier 
between  the  blood  vessels  that  transit  the  ciliary  body  and  the  posterior  chamber  of  the 
eye  (Freddo,  2013). 


13*2*4  Insubstantial  Space  of  the  Lower  Conjunctival  SAC  (CuLDe-SAC) 

The  conjunctiva  is  present  over  the  sclera  of  the  eye  under  the  eyelids.  It  consists 
of  the  stratified  columnar  and  squamous  epithelium  with  the  presence  of  goblet 
cells.  Various  blood  vessels  are  present  in  the  conjunctival  layer.  The  lower  part  of  the 
conjunctiva  forms  a  sac-like  structure  or  some  space  in  between  the  eyelid  and  sclera; 
this  sac  is  known  as  lower  conjunctival  sac  or  cul-de-sac.  The  eye  drops  or  ointments 
are  instilled  into  the  sac  but  most  of  the  volume  of  formulations  has  been  dragged  out 
from  the  sac.  Thus,  there  is  the  need  to  instill  more  volume  so  that  an  effective  response 
can  be  seen.  Therefore,  correct  instillation  of  the  ophthalmic  formulations  is  a  critical 
step  for  getting  the  appropriate  therapeutic  effect  (Borrelli  and  Geerling,  2013;  Awwad 
et  al.,  2017).  The  eyes  also  possess  different  types  of  glands,  which  are  shown  in 
Fig.  13.1. 

Apart  from  the  physiology  of  the  eye,  the  type,  nature,  and  location  of  eye  diseases 
and  physiological  factors  should  also  be  considered  throughout  the  development  of  drug 
delivery  systems. 
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FIGURE  13.1  Different  glands  in  the  eyes. 


13.3  LEAD  FROM  ANATOMY  AND  PHYSIOLOGY  OF  EYE 
TOWARDS  OCULAR  PRODUCT  DEVELOPMENT 

The  eyes  are  shielded  by  a  unique  anatomical  and  physiological  structure.  Drug  deliv¬ 
ery  to  the  required  ocular  tissues  is  limited  by  the  presence  of  various  barriers  such  as  pre¬ 
corneal,  dynamic,  and  static  ocular.  There  are  certain  drawbacks  associated  with  the 
delivery  of  a  drug  such  as  the  therapeutic  drug  concentration  is  not  maintained  for  a  lon¬ 
ger  period  of  time  in  target  tissues,  as  well  as  low  ocular  BA  with  topical  drop  administra¬ 
tion.  Various  anatomical  and  physiological  obligations  including  nasolachrymal  drainage, 
reflex  blinking,  tear  turnover,  and  ocular  static  along  with  different  dynamic  barriers  show 
a  challenge  for  deeper  ocular  drug  delivery.  In  the  last  few  years,  researchers  have  per¬ 
formed  accelerated  advanced  research  on  ophthalmic  delivery  that  could  help  in  develop¬ 
ing  novel,  harmless,  and  patient  compliant  formulations  and  devices.  These  developed 
drug  delivery  systems,  devices,  and/or  techniques  would  be  helpful  for  surpassing  these 
ocular  barriers  and  maintaining  drug  concentration  in  tissues.  The  conventional  solutions 
could  be  amended  to  modulate  the  topical  delivery  of  solutions  by  addition  of  permeation. 
This  also  includes  the  development  of  other  conventional  topical  formulations  such  as  sus¬ 
pensions,  emulsions,  and  ointments. 

Various  novel  approach-based  nanoformulations  have  been  developed  that  includes 
dendrimers,  implants,  nanomicelles,  nanoparticles,  nanosuspensions,  liposomes,  contact 
lenses,  microneedles,  and  in  situ  thermosensitive  gels.  They  are  used  for  anterior  segment 
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ocular  drug  delivery.  For  posterior  ocular  delivery,  researchers  have  been  enormously 
focused  on  improvement  of  drug  delivery  systems  and  nanoformulations  for  treating 
chronic  vitreoretinal  diseases.  Hence,  formulations  developed  employing  critical  anatomi¬ 
cal  and  physiological  ocular  constraints  could  be  very  helpful  to  surpass  ocular 
barriers  and  reduce  different  side  effects  associated  with  conventional  dosage  forms 
(Gaudana  et  al.,  2010;  Patel  et  al.,  2013). 


13*4  CONSIDERATIONS  OF  TEAR  FILM  AND 
LACHRYMAL  DRAINAGE  FOR  THE  DESIGN  OF  OCULAR 
DRUG  DELIVERY  SYSTEM 


13*4*1  Drawbacks  of  Conventional  Topical  Drug  Delivery 

The  transport  of  drugs  administered  through  traditional  and  conventional  dosage  forms 
has  some  restrictions  in  the  eye  and  does  not  produce  the  required  effect  in  the  desired 
period.  These  are  associated  with  many  of  the  drawbacks  such  as  unavailability  of  thera¬ 
peutic  drug  concentrations  in  the  target  tissues  for  a  long  duration  as  eyes  are  protected 
by  their  unique  anatomy  and  physiology.  An  ideal  ocular  drug  delivery  system  must  be 
able  to  show  the  sustained  release  of  the  drug,  which  could  remain  in  the  surrounding 
area  of  the  front  of  the  eye  for  an  extended  period  of  time.  The  different  disadvantages 
associated  with  the  conventional  dosage  forms  are  rapid  precorneal  elimination  and  non- 
sustained  action  associated  with  the  solutions;  blurred  vision  and  patients  noncompliance 
associated  with  emulsion  and  suspension;  sticking  of  eyelids,  blurred  vision,  poor  patient 
compliance  associated  with  ointments  and  gel;  and  many  more. 


13*4*2  Different  Ocular  Barriers 

The  delivery  of  drugs  to  the  eye  has  traditionally  involved  two  fundamental  methods, 
that  is,  the  systemic  route  and  topical  route.  The  delivery  of  active  moiety  through  these 
routes  faces  numerous  barriers  that  limit  their  effectiveness  to  achieve  therapeutic  concen¬ 
trations  at  the  target  site.  The  major  barriers  involved  are  the  tight  junctions,  tear  dilution, 
and  rapid  clearance  by  the  blood  supply  associated  with  the  anterior  and  posterior  seg¬ 
ments  of  the  eye.  Further,  these  barriers  have  been  classified  as  static  and  dynamic  bar¬ 
riers.  Static  barriers  include  a  different  section  of  the  eye  such  as  cornea,  sclera,  retina,  and 
blood— retinal  barriers  whereas  dynamic  barriers  include  choroidal  and  conjunctival  blood 
flow,  tear  dilution,  and  lymphatic  clearance.  These  barriers  affect  the  BA  of  the  adminis¬ 
tered  drugs  for  the  treatment  of  diseases.  To  overcome  these  barriers,  novel  routes  for 
drug  delivery  that  can  bypass  these  barriers  have  been  developed  by  researchers  and 
tested  by  ophthalmologists.  This  new  concept  can  overcome  problems  associated  with 
static  and  dynamic  barriers  and  has  the  capacity  to  show  the  required  concentration  of  a 
drug  at  the  targeted  site  of  an  eye.  Thus,  the  novel  routes  possess  multiple  advantages 
compared  with  the  conventional  routes  in  terms  of  safety,  amount  of  drug,  and  stability 
problems  (Sikandar  et  al.,  2011;  Kwatra  et  al.,  2013). 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


480 


13.  DESIGN  AND  EVALUATION  OF  OPHTHALMIC  DELIVERY  FORMULATIONS 


13*4*3  Different  Routes  to  Deliver  the  Drug  to  Eye 

The  delivery  of  drug  to  the  eye  through  different  routes  of  administration  needs  to  be 
considered  along  with  their  benefits  and  challenges  in  ocular  drug  delivery  (Fig.  13.2). 

13.4.3.1  Topical  Administration 

Topical  administration  of  the  drug  is  employed  to  treat  anterior  segment  diseases,  most 
often  in  the  form  of  eye  drops.  For  this  route,  the  site  of  action  is  generally  the  different 
layers  of  the  conjunctiva,  cornea,  sclera,  and  other  anterior  segment  tissues  like  iris  and  cil¬ 
iary  body  (anterior  uvea).  Mucin  of  the  tear  film  forms  a  hydrophilic  layer  that  can  pro¬ 
vide  a  shielding  effect  and  move  over  the  glycocalyx  of  the  ocular  surface,  thus  helping  to 
remove  debris  and  pathogens.  This  route  has  the  benefits  of  high  patient  compliance,  self¬ 
administration,  and  nonin vasiveness.  Challenges  associated  with  this  route  are  higher  tear 
dilution  and  turnover  rate,  corneal  barrier,  efflux  pumps  mechanism,  and  BA  is  less  than 
5%.  It  has  been  used  for  the  treatment  of  many  diseases  like  keratitis,  uveitis,  episcleritis, 
conjunctivitis,  blepharitis,  and  scleritis  (Gaudana  et  al.,  2010). 

13.4.3.2  Systemic  (Parenteral)  Administration 

The  major  barriers  associated  with  the  systemic  administration  of  a  drug  to  the  anterior 
segment  and  posterior  segment  are  the  blood— aqueous  barrier  and  blood— retinal  barrier, 
respectively.  The  presence  of  the  blood— retinal  barrier  imposes  challenges  to  delivering 
the  drug  to  the  retina  via  systemic  administration,  thus  it  strictly  regulates  the  drug 


Iirtravitrcal 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


13.5  VARIOUS  OCULAR  DISORDERS 


481 


permeation  from  systemic  circulation  to  the  retina.  The  systemic  administration  could 
lead  to  side  effects,  thus  making  it  a  less  attractive  delivery  route  for  aged  patients 

(Gaudana  et  al.,  2010). 

13.4.3.3  Oral  Administration 

It  is  a  possible  noninvasive  and  patient  preferred  route  to  treat  chronic  retinal  diseases 
as  compared  with  the  injectable  route.  The  utility  of  oral  administration  to  deliver  the 
drug  to  many  of  the  targeted  ocular  tissues  is  limited  by  the  presence  of  various  barriers, 
thus  the  high  dose  of  the  drug  is  required  for  the  significant  therapeutic  efficacy,  which 
could  lead  to  systemic  side  effects.  Thus,  safety  and  toxicity  parameters  need  to  be  consid¬ 
ered  carefully  when  a  therapeutic  response  in  the  eye  is  to  be  obtained  by  oral  administra¬ 
tion.  For  example,  due  to  their  systemic  toxicity  in  glaucoma  therapy,  oral  carbonic 
anhydrase  inhibitors  (acetazolamide  and  ethoxzolamide)  have  been  discontinued.  The 
advantages  of  this  include  patient  compliance  and  noninvasive  route  of  administration. 
Challenges  associated  with  this  route  are  that  high  dosing  causes  toxicity,  and  BA  <2%.  It 
has  been  used  for  the  treatment  of  many  diseases  like  episcleritis,  scleritis,  CMV  retinitis, 
posterior  uveitis  (Gaudana  et  al.,  2010). 

13.4.3.4  Periocular  and  Intravitreal  Administration 

The  inefficiency  of  the  topical  and  systemic  route  can  be  overcome  by  the  periocular  and 
intravitreal  routes,  although  they  are  not  very  patient  compliant.  They  can  deliver  the  drug 
to  posterior  segment  and  delivery  utilizes  three  different  pathways,  that  is,  (1)  transscleral 
pathway,  (2)  systemic  circulation  through  the  choroid,  and  (3)  the  anterior  pathway  through 
the  tear  film,  cornea,  aqueous  humor,  and  vitreous  humor.  The  periocular  route  includes 
subtenon,  subconjunctival,  peribulbar,  and  retrobulbar  administration.  As  compared  with 
the  intravitreal  route,  it  is  less  invasive.  The  intravitreal  injection  offers  distinct  advantages 
over  the  periocular  injections  as  it  delivers  the  drug  directly  into  the  vitreous.  Other  benefits 
include  direct  delivery  to  the  vitreous  and  retina,  sustaining  drug  levels,  and  evading  the 
blood— retinal  barrier.  Challenges  associated  with  this  route  are  retinal  detachment,  cataract, 
hemorrhage,  patient  compliance,  endophthalmitis,  and  nonuniform  drug  distribution  in  the 
vitreous.  Small  molecules  can  quickly  spread  through  the  vitreous,  but  the  larger  molecules' 
diffusion  is  restricted.  It  has  been  used  for  the  treatment  of  many  diseases  like  AMD, 
posterior  uveitis,  branched  retinal  vein  occlusion  (RVO),  central  RVO,  diabetic  macular 
edema  (DME),  cystoid  macular  edema,  and  CMV  retinitis  (Gaudana  et  al.,  2010). 


13.5  VARIOUS  OCULAR  DISORDERS 


Eye  problems  and/or  disease  can  affect  various  age  groups  at  some  point  in  their  lives. 
The  most  common  eye  diseases  are  discussed  below. 

Blepharitis :  It  is  an  infection  mostly  caused  by  Staphylococcus  aureus.  Infection  is  associ¬ 
ated  with  rosacea,  seborrhea,  dry  eye,  and  abnormalities  of  the  meibomian  glands  and 
their  lipid  secretions  (Nichols  et  al.,  2011).  It  is  an  inflammatory  condition  of  the  eyelids 
and  is  of  two  types,  that  is,  posterior  and  anterior  blepharitis,  and  that  caused  by  a 
Demodex  mite,  and  may  affect  all  age  groups,  genders,  and  ethnicities.  Anterior 
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blepharitis  is  mainly  the  inflammation  around  the  skin,  lash  follicles,  and  eyelashes, 
whereas  the  posterior  blepharitis  is  mainly  the  inflammation  involving  the  meibomian 
glands,  meibomian  gland  orifices,  blepharoconjunctival  junction,  and  tarsal  plate. 

Conjunctivitis :  This  condition  arises  when  redness  in  the  eye  is  caused  in  association 
with  irritation  of  the  eye.  It  is  often  known  as  "pink  eye."  Inflammation  of  the  conjunctiva 
(thin,  translucent  lining  of  the  anterior  part  of  the  sclera)  is  known  as  conjunctivitis.  It 
causes  dilation  of  the  conjunctival  vessels,  causing  hyperemia  and  edema  of  the  conjunc¬ 
tiva,  which  is  typically  associated  with  discharge.  The  different  factors  result  in  conjunctivi¬ 
tis,  but  the  most  common  and  responsible  factors  are  acute  bacterial  infection  or  allergy 
(Azari  and  Barney,  2013). 

Keratitis :  It  is  a  condition  in  which  the  patient  suffers  from  decreased  vision,  pain, 
red  eye,  and  also  a  cloudy  and  opaque  cornea.  Keratitis,  caused  by  Gram-negative  and 
Gram-positive  bacteria,  is  the  condition  resulting  due  to  inflamed  corneal.  Types  include 
keratoconjunctivitis  (inflammation  of  the  cornea  and  the  conjunctiva)  and  keratouveitis 
(inflammation  of  the  cornea  and  the  uveal  tract).  Apart  from  bacteria,  viruses,  fungi,  proto¬ 
zoa,  and  parasites  also  cause  keratitis  (Klotz  et  al.,  2000). 

Trachoma :  Trachoma,  a  chronic  keratoconjunctivitis,  is  the  world's  chief  cause  of  infec¬ 
tious  blindness.  It  is  caused  by  the  bacterium  Chlamydia  trachomatis.  The  infection  develops 
in  childhood  leading  to  scarring  of  the  eyelid,  which  results  in  loss  of  sight  in  adulthood. 
The  disease  is  characterized  by  the  development  of  papillae  (enlargement  of  small  vessels 
with  inflammatory  conjunctival  thickening)  and  follicles  (small,  yellow-white  elevations  of 
subepithelial  lymphoid  cells).  It  is  the  most  common  cause  of  the  blindness  in  North 
Africa  and  the  Middle  East  (Mohammadpour  et  al.,  2016). 

Dry  eye:  Any  change  in  the  tears  composition  or  decrease  in  the  production  of  tears  is 
responsible  for  dry  eye.  It  is  a  contagious  disease  that  spreads  by  contact  with  eyes,  eyelids, 
and  throat  or  nose  secretions  of  a  contaminated  person.  Initially,  it  may  result  in  mild  irritation 
and  itching  of  eyes  and  eyelids,  and  then  may  lead  to  swollen  eyelids  and  producing  pus  in 
the  eyes.  This  may  lead  to  blindness  when  left  untreated  (Colligris  et  al.,  2014). 

Eye  cancer:  The  two  types  of  intraocular  tumors  based  on  the  age  of  occurrence  are  ocu¬ 
lar  melanoma  (in  adults)  and  retinoblastoma  (in  children).  Ocular  melanoma  is  the  most 
common  malignancy  originating  in  the  eye  in  older  patients  with  a  median  onset  age  of 
55.  Retinoblastoma  is  caused  by  inactivation  of  the  RB  gene,  which  affects  the  cell  cycle, 
which  leads  to  unregulated  cell  proliferation.  It  is  considered  to  be  the  most  common  type 
of  ocular  malignancy  in  children.  The  most  common  form  of  ocular  melanoma  is  uveal  mel¬ 
anoma  and  occurs  as  a  small  tumor  close  to  critical  structures  in  the  eye  (Nair  et  al.,  2008). 

Glaucoma:  Glaucoma  is  a  common  intraocular  disease  and  is  considered  to  be  the  major 
ophthalmic  clinical  problem  worldwide.  In  glaucoma,  the  intraocular  pressure  (IOP)  crosses 
the  value  of  22  mm  Hg.  Because  of  this  high  pressure,  the  blood  flow  to  the  retina  is  compro¬ 
mised  and  thus  causes  the  death  of  the  peripheral  optic  nerves  (Choiand  Kook,  2015).  Such 
developments,  that  is,  poor  blood  flow  and  death  of  optic  nerve,  result  in  visual  loss  and  ulti¬ 
mately  blindness.  Another  intraocular  disease  is  normotensive  glaucoma.  In  such  condition, 
about  20%  of  glaucoma  patients  have  close  to  normal  intraocular  pressures  but  the  cause  of 
such  disease  may  be  due  to  the  spasm  of  the  arterial  supply  (Hillery  et  al.,  2002). 

Disorders  of  the  eye,  particularly  at  the  posterior  segment,  are  complex  to  treat  because 
of  the  clearance  mechanisms  at  the  front  of  the  eye.  That  is  why  the  reduced  drug 
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concentrations  reach  to  the  back  of  the  eye.  The  periocular  diseases  are  relatively  easy  to 
treat  using  topical  formulations  while  intraocular  conditions  are  not.  The  intraocular  infec¬ 
tions  include,  that  is,  infections  in  the  inner  eye,  including  the  infection  of  aqueous  humor, 
iris,  vitreous  humor  as  well  as  infection  of  the  retina.  These  diseases  commonly  occur  as  a 
result  of  ocular  surgery,  trauma  or  due  to  some  endogenous  sources.  Such  infections 
always  carry  a  threat  of  damage  to  the  eye  and  increase  the  chance  to  spread  such  infec¬ 
tion  from  the  eye  into  the  brain  (Hillery  et  al.,  2002). 

Cytomegalovirus  retinitis  (CMVR):  CMVR  is  a  retinal  viral  eye  infection  mainly  respon¬ 
sible  for  the  visual  impairment  resulting  in  blindness  among  patients  having  unrestrained 
HIV  infections.  In  acquired  immune  deficiency  syndrome  (AIDS)  patients,  it  is  the  most 
common  intraocular  infection,  which  is  caused  by  cytomegalovirus  (CMV).  The  CMV  is  a 
member  of  the  herpes  group  viruses,  which  commonly  occur  in  the  general  population.  The 
CMVR  diagnosis  is  a  clinical  one  and  an  important  one  in  the  treatment  of  the  disease.  The 
advancement  and  development  of  various  antiretroviral  drugs  help  in  reducing  the  chances 
of  CMVR.  The  highly  active  antiretroviral  therapy  (HAART)  has  led  to  a  decrease  in  the 
chances  of  disease  and  mortality  by  improving  the  CD4+  T  cell  counts  (Bibert  et  al.,  2014). 

Proliferative  Vitreo  Retinopathy  (PVR):  PVR,  most  commonly  responsible  for  the  fail¬ 
ure  in  retinal  detachment  surgery,  is  a  severe,  blinding  disease  leading  to  the  tractional  ret¬ 
inal  detachment  along  with  the  formation  of  the  fibrous  membrane  (Ishikawa  et  al.,  2014). 
The  proliferation  and  migration  of  cells  along  with  a  splitting  of  the  retina  are  the  charac¬ 
teristics  of  the  PVR.  This  causes  the  development  of  membranes  in  the  periretinal  area  and 
contraction  of  the  cellular  membranes  on  the  retina,  thus  producing  causes  retinal  detach¬ 
ment.  This  is  similar  to  the  wound  healing  process,  which  includes  proliferation,  inflam¬ 
mation,  and  modulation  of  the  scar.  The  process  can  follow  the  normal  ocular  wound 
healing  along  with  tissue  repair  and  remodeling.  PVR  is  divided  into  three  grades,  that  is. 
Grade  A,  B,  and  C.  Grade  A  shows  the  presence  of  vitreous  cells.  Grade  B  shows  subclini- 
cal  contraction,  distinct  by  irregular  or  rolled  edges  of  a  tear  or  inner  retinal  surface  wrin¬ 
kling.  Grade  C  is  distinguished  by  existence  of  subretinal  or  preretinal  membranes 
(Sadaka  and  Giuliari,  2012). 

Diabetic  Retinopathy  (DR):  DR  is  a  diabetes  complication  and  is  responsible  for  blindness 
(Nentwich  and  Ulbig,  2015).  It  is  diabetes-induced  microvascular  complication  occurring 
in  people  ages  20—64  years.  Usually,  the  presence  of  TJ  prevents  the  leakage  from  retinal 
microvessels.  But  in  diabetes,  the  TJ  in  the  retinal  blood  vessels  is  damaged  by  the  surplus 
accumulation  of  glucose.  Thus,  these  retinal  blood  vessels  become  leaky,  allowing  move¬ 
ment  of  intravascular  fluid  into  the  retina  (Nirmal  et  al.,  2016). 

Age-related  Macular  Degeneration  (AMD):  AMD,  a  chief  reason  for  blindness  in  the 
elderly,  affects  the  macula  (central  area  of  the  retina).  AMD  is  characterized  by  the  pres¬ 
ence  of  soft  drusen  and  some  pigmentary  variations  in  the  RPE.  These  soft  drusen  can 
lead  to  two  forms  of  advanced  AMD,  that  is,  geographic  atrophy  or  choroidal  neovascular¬ 
ization.  Both  these  forms  affect  a  similar  clinical  development  of  vision  loss.  The  various 
significant  factors  that  demonstrate  the  importance  of  the  development  of  AMD  progres¬ 
sion  include  genetic  and  environmental  conditions.  Single  nucleotide  polymorphisms 
(SNPs)  and/or  multiple  genes  are  found  to  be  associated  with  AMD  (Shaw  et  al.,  2016). 

Endophthalmitis:  It  is  an  infection  of  the  aqueous  and/or  vitreous,  which  may  result  in 
irreversible  vision  failure  in  the  affected  eye.  In  this  condition,  microorganisms  are 
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invading  the  internal  structures  of  the  eye  consequentially  leading  to  an  inflammatory 
response,  which  can  cover  all  tissues  of  the  eye.  The  two  types  of  the  endophthalmitis  are 
exogenous  endophthalmitis  and  endogenous  endophthalmitis.  Exogenous  endophthalmitis 
is  caused  by  the  breakdown  of  the  outer  wall  of  the  eye  by  surgical  trauma  or  intervention. 
It  is  rarely  caused  by  the  invasion  of  microorganisms.  Endogenous  endophthalmitis,  less 
common  in  occurrence,  is  caused  by  the  invasion  of  microorganisms  such  as  bacteria 
(most  common  causative  agents),  fungi,  and  parasites  (Meredith  and  Ulrich,  2012). 

Retinitis  Pigmentosa  (RP):  RP  is  an  eye-related  disease  caused  by  mutations  leading  to 
the  loss  of  rod  photoreceptors.  As  the  rods  are  dying,  cones  also  proceed  all  the  way 
through  the  progressive  oxidative  damage  (Dong  et  al.,  2014).  RP  is  caused  by  the  retinal 
progressive  degeneration,  which  more  often  starts  in  the  midperiphery  region  of  the  fun¬ 
dus,  which  advances  towards  the  fovea  and  macula.  The  rod— cone  dystrophy  is  the  most 
common  form  of  RP  characterized  by  night  blindness  as  a  first  sign,  leading  to  progressive 
loss  of  peripheral  visual  field  (Musarella  and  MacDonald,  2010). 

For  the  management  of  eye  diseases  and  disorders  three  main  routes  are  used  to  admin¬ 
ister  drugs  into  the  eye,  that  is,  topical,  intraocular,  and  systemic  route.  The  most  common 
route  is  the  topical  route  for  the  administration  of  a  medication  to  the  eye  where  the  drug 
is  directly  introduced  into  the  conjunctiva.  Intraocular  drug  delivery  is  more  difficult  to 
achieve  as  compared  with  topical  delivery.  The  intravitreal  injections  and  intraocular 
implants  are  the  common  examples  for  such  delivery.  As  regards  the  systemic  route,  this 
includes  the  administration  of  drugs  either  by  injection  or  by  the  oral  route.  For  example, 
the  oral  delivery  of  carbonic  anhydrase  inhibitors  for  the  treatment  of  glaucoma,  steroids, 
and  antibiotics  for  posterior  eye  diseases  involve  the  optic  nerve,  retina,  and  uveal  tract. 
However,  the  systemic  route  is  associated  with  the  noteworthy  disadvantage  that  the  drug 
is  distributed  to  different  organs  of  the  body  while  a  very  small  volume  of  tissue  in  the 
eye  may  require  treatment  (Gokulgandhi  et  al.,  2012). 

Efficient  and  proper  treatment  of  eye  diseases  are  formidable  challenges  due  to  the 
presence  of  a  unique  structure  of  the  eye,  nature  of  the  diseases,  and  the  presence  of  sev¬ 
eral  ocular  barriers.  By  considering  the  nature  and  type  of  eye  disease,  suitable  diagnosis, 
and  treatment  of  eye  disease  are  significant. 


13*6  TYPES  OF  FORMULATION  FOR  OCULAR  DELIVERY 

Most  of  the  eye  related  diseases  are  treated  with  topical  application  of  conventional  for¬ 
mulations  including  solutions,  suspensions,  and  ointments.  These  conventional  formula¬ 
tions  have  less  therapeutic  effect  because  of  lachrymal  drainage  and  poor  penetration. 
Therefore,  the  formulation  scientists  are  continuously  exploring  the  role  of  various  drug 
delivery  systems  (Fig.  13.3)  to  enhance  the  therapeutic  effect  of  drugs  administered 
through  the  eyes  (Liu  et  al.,  2010). 

On  the  basis  of  route  of  administration  and  type  of  disease,  various  types  of  formulation 
have  been  developed  for  drug  delivery.  Although  the  topical  drug  delivery  systems  show 
good  patient  compliance  and  ease  of  administration,  precorneal  losses  are  associated  with 
such  systems  (Kumar  et  al.,  2013a,b).  Systemic  delivery  of  the  drug  is  generally  not  pre¬ 
ferred  because  it  produces  toxicity  in  various  tissues.  Some  implant  or  occusert  systems 
have  been  developed  to  attain  the  therapeutic  level,  but  lower  patient  compliance  is  found 
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due  to  ocular  discomfort  (Lavik  et  al.,  2011).  Some  of  the  commonly  used  drug  delivery 
systems  are  described  in  the  following  sections. 


13*6*1  Solutions 

Eye  drops  are  generally  used  in  pharmaceutical  forms  that  are  directly  administered  on 
the  eye  surface  or  in  the  eye.  They  are  apparently  easy  to  use,  less  expensive,  and  do  not 
interfere  with  the  vision.  Some  inherent  disadvantages  of  such  formulations  (eye  drops 
either  in  form  of  solution  or  suspensions)  are  their  inability  to  stay  for  longer  period  of 
time  with  high  local  concentration,  thus  leading  to  poor  bioavailability  (BA),  and  instabil¬ 
ity  of  the  dissolved  drug.  The  other  additives  like  preservatives  may  lead  to  toxicity 
(Harley  et  al.,  2005;  Baranowski  et  al.,  2014).  Most  of  the  eye  preparations  consist  of  aque¬ 
ous  medium,  buffers,  various  additives,  emulsifiers,  suspending  agents,  solvents  and 
cosolvents,  isotonicity  modifiers,  preservatives,  etc. 

The  retention  time  of  solutions  in  the  eye  can  be  improved  by  enhancing  the  viscosity 
through  the  addition  of  viscosity  enhancer  like  polyvinyl  acetate,  methyl  cellulose,  or  by 
hydrogen  ion  concentration  (Karolewicz,  2016).  Drainage  from  the  eyes  also  is  reduced  by 
either  by  punctual  occlusion  or  by  closing  eyelid  after  instillation  of  solutions.  By  these 
ways,  the  contact  time  of  drug  and  tissues  is  enhanced  along  with  reduced  systemic 
absorption.  The  charge  on  the  particles  also  plays  a  key  role  in  the  delivery  of  the  drug. 
DeCampos  et  al.  show  the  effect  of  charge  on  colloidal  solutions  of  nanocapsules  on 
administration  in  the  eye  as  a  drop.  They  explain  that  neutral  particles  are  better  for  deliv¬ 
ery  of  the  drug  as  compared  with  negatively  charged  particles  (rhodamine  was  used  as  a 
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model  drug).  Fascinatingly,  they  observed  relatively  uniform  intracellular  rhodamine  con¬ 
tent  on  observing  the  nanocapsules  at  various  time  points  on  topical  administration.  They 
suggested  that  the  nanocapsules  are  using  an  intracellular  route  for  their  movement 
through  the  corneal  epithelium  (De  Campos  et  al.,  2003). 


13*6*2  Suspensions 

Suspensions,  a  dispersion  of  finely  sized  insoluble  active  ingredients,  are  another  class 
to  be  used  for  the  ocular  topical  drop  for  the  administration  of  the  drug.  Suspended  parti¬ 
cles  show  improved  retention  in  the  precorneal  pocket  leading  to  improved  contact  time 
and  duration  of  action  as  compared  with  drug  solution.  TobraDex  suspension,  a  combina¬ 
tion  product  of  tobramycin  (0.3%),  and  dexamethasone  (0.1%),  is  one  of  the  broadly 
recommended  commercial  products  used  (Patel  et  al.,  2013).  But,  high  viscosity  is  the 
main  negative  aspect  of  this  marketable  product.  To  overcome  this  Scoper  et  al.  have 
made  attempts  to  reduce  the  viscosity  of  TobraDex.  This  helps  to  enhance  its  in  vivo  phar¬ 
macokinetics  as  well  as  its  bactericidal  activity.  They  develop  the  new  suspension  called 
TobraDex  ST  [tobramycin  (0.3%),  and  steroid,  dexamethasone  (0.05%)].  TobraDex  ST  sus¬ 
pension  shows  very  low  settling  over  24  h  (3%)  as  compared  with  marketed  Tobra-Dex 
(66%).  TobraDex  ST  shows  higher  concentrations  of  tobramycin  and  dexamethasone  in  tis¬ 
sues  as  compared  with  Tobra-Dex  on  ocular  administration  and  was  found  to  be  more 
effective  against  S.  aureus  and  Pseudomonas  aeruginosa.  The  improved  results  of  the  new 
suspension  are  due  to  improved  formulation  characteristics,  bactericidal  characteristics, 
pharmacokinetics,  and  patient  compliance  (Scoper  et  al.,  2008). 


13*6*3  Emulsion 

Two  types  of  commercially  exploited  emulsions  used  as  vehicles  for  drug  delivery  are 
oil  in  water  (o/w)  and  water  in  oil  (w/o).  When  compared  for  ocular  drug  delivery,  the 
o/w  emulsion  is  preferred  and  most  commonly  used  over  w/o  system,  which  is  due  to 
better  ocular  tolerance  and  less  irritation  of  o/w  emulsion.  The  most  common  and  cur¬ 
rently  used  ocular  emulsions  in  the  United  States  include  AzaSite,  Restasise,  and  Refresh 
Endura  (a  nonmedicated  emulsion  for  eye  lubrication).  These  emulsions  are  helpful  in 
enhancing  precorneal  residence  time,  improved  drug  corneal  permeation,  and  sustained 
drug  release,  thus  improving  ocular  bioavailability  (Patel  et  al.,  2013).  The  attempts  were 
made  by  Shen  et  al.  to  enhance  emulsion  biocompatibility  for  the  drug  flurbiprofen.  A 
derivative  of  flurbiprofen  called  flurbiprofen  axetil,  with  castor  oil  and  Tween-80,  was 
used  to  formulate  the  emulsion.  Four  different  emulsion  formulations  were  developed 
having  different  ratios  of  Tween  80  (0.08—4  wt%)  and  castor  oil  (0.1— 2.5  wt%)  and  labeled 
as  FI,  F2,  F3,  and  F4  respectively.  In  vivo  studies  on  albino  rabbits  with  a  topical  drop 
instillation  shows  the  F2  formulations  (castor  oil  to  Tween  80  wt%  ratio  of  0.5:0.4)  to  be 
superior  as  compared  with  other  formulations.  This  formulation  shows  high  drug  concen¬ 
trations  in  the  aqueous  humor  as  compared  with  eye  drops  and  solutions.  Also,  F2  formu¬ 
lation  shows  the  better  biocompatibility  comparative  to  other  emulsions,  that  is,  FI,  F3, 
and  F4  (Fig.  13.4).  Similarly,  ocular  irritation  studies  with  F2  emulsion  demonstrated  better 
biocompatibility  relative  to  other  emulsions  (FI,  F3,  and  F4)  (Shen  et  al.,  2011). 
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f/min 

FIGURE  13.4  Concentration- time  profiles  of  flurbiprofen  (in  the  aqueous  humor  after  instillation  of  flurbipro¬ 
fen  axetil  emulsion  F2— F4,  FB-Na  eye  drops,  and  flurbiprofen  axetil-oil  solution  in  rabbits.  FI  =  0.1  wt%  of  castor 
oil,  0.08  wt%  of  Tween-80;  F2  =  0.5  wt%  of  castor  oil,  0.4  wt%  of  Tween-80;  F3  =  1.0  wt%  of  castor  oil,  0.8  wt%  of 
Tween-80;  and  F4  =  2.5  wt%  of  castor  oil,  4.0  wt%  of  Tween-80  with  2.2  wt%  and  0.1  wt%  of  glycerol  and  flurbi¬ 
profen  respectively.  FB:  Flurbiprofen;  FBA-EM:  Flurbiprofen  axetil  emulsion.  Source:  Adapted  from  Shen,  /.,  Gan ,  L., 
Zhu,  C.,  Zhang ,  X.,  Dong,  Y.,  Jiang,  M.,  et  ah,  2011.  Novel  NSAIDs  ophthalmic  formulation:  flurbiprofen  axetil  emulsion 
with  low  irritancy  and  improved  anti-inflammation  effect.  Int.  J.  Pharm.,  412(1—2),  115—122. 


Tajika  et  al.  established  the  use  of  emulsion  for  improving  the  antiinflammatory 
action  of  prednisolone  derivative,  0.05%  [3H]  difluprednate  by  experiments  performed 
on  rabbit  eye.  They  show  that  the  emulsion  could  deliver  the  drug  to  the  anterior  ocular 
tissues.  The  drug  delivered  to  the  posterior  tissues  is  small  in  the  amount  of  single 
and  multiple  topical  drop  administration.  These  administration  studies  explain 
the  highest  radioactivity  in  cornea  followed  by  iris— ciliary  body  >  retina— choroid  > 
conjunctiva  >  sclera  >  aqueous  humor  >  lens  >  and  vitreous  humor.  On  post  single 
drop  administration,  the  value  of  Tmax  was  compared  and  found  to  be  0.5  h  for  conjunc¬ 
tiva,  cornea,  iris— ciliary  body,  lens,  aqueous  and  vitreous  humor,  whereas  it  was  1  h  for 
retina— choroid.  A  negligible  amount  of  drug  was  quantified  in  the  systemic  circulation. 
But,  on  repeated  dose  instillation,  the  value  of  Tmax  was  found  to  be  8  h  for  the  lens  and 
0.5  h  for  retina— choroid.  After  168  h,  approximately  99.5%  radioactivity  of  a  total 
dose  was  excreted  in  feces  and  urine.  The  study  reveals  difluprednate  emulsion  to 
be  a  probable  candidate  helpful  in  the  treatment  of  anterior  ocular  inflammations 
(Tajika  et  al.,  2011). 

The  main  problem  of  ocular  drug  delivery  is  maintaining  adequate  concentration  at  the 
site  for  a  pharmacological  response.  To  solve  this  many  drug  delivery  systems  have  been 
developed.  Lipid  emulsions  are  one  of  them,  which  can  improve  the  bioavailability  of  the 
drug  by  increasing  the  corneal  permeability  and/or  by  enhancing  the  retention  time  of 
the  formulation  in  the  ocular  surface.  Thus,  they  have  the  potential  ability  to  deliver  the 
hydrophobic  drug,  which  can  dissolve  in  an  oil  globule.  They  help  in  reducing  toxicity 
and  increasing  shelf-life  of  drug  particles  (Tiwari  et  al.,  2018). 
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13*6*4  Sol  to  Gel  Systems 

Sol— gel  delivery  systems  show  several  advantages,  among  which  the  most  important  is 
the  existence  of  sol— gel  formulations  in  a  viscous  liquid  solution  state,  helping  in  the 
instillation  of  conventional  eye  drops.  Once  they  reach  the  ocular  surface,  the  in  situ  gel¬ 
ling  system  undergoes  a  transition  from  a  solution  to  a  gel.  This  helps  in  avoiding  rapid 
precorneal  drug  elimination  (Malik  and  Satyananda,  2014). 

In  the  early  1980s,  a  new  idea  of  delivering  a  gel  in  situ  in  the  cul-de-sac  of  the  eye  was 
recommended.  Generally,  because  of  slower  seepage  of  the  drug  from  the  cornea  surface 
result,  the  maintenance  of  constant  drug  delivery  in  the  precorneal  district  and  leads  to 
prompt  increments  in  their  BA.  Maintaining  pH,  temperature,  or  particle  activation  are  the 
some  of  the  mechanisms  for  the  accomplishment  of  sol— gel  conversion.  The  natural  poly¬ 
mers  like  Gallen  gum  and  synthetic  polymers  like  cellulose  acetate  phthalate  (CAP)  or 
Pluronics  are  used  in  formulations  (Thrimawithana  et  al.,  2012).  Fig.  13.5  shows  the  vari¬ 
ous  advantages  of  the  sol— gel  system. 


13*6*5  In  Situ  Gelling  System 

In  situ  producing  hydrogels  are  polymer  solutions  administered  as  a  liquid  instillation. 
This  shows  the  phase  transition  in  the  ocular  cul-de-sac  resulting  in  the  formation  of  a  vis¬ 
coelastic  gel,  which  helps  to  provide  a  response  to  environmental  changes.  The  property 
of  gelation  can  be  stimulated  by  temperature,  ions,  and  solvent.  The  phase  transitions  on 
the  surface  are  caused  by  three  methods,  which  are  a  change  in  pH,  temperature,  and  elec¬ 
trolyte  composition.  An  ideal  in  situ  gelling  system  must  possess  the  following  properties: 
low  viscosity,  free-flowing  liquid  that  can  allow  reproducible  administration  into  the  eye 
as  drops,  and  phase  transition  should  be  strong  enough  to  withstand  the  shear  forces  in 
the  cul-de-sac  and  established  extended  residence  times  in  the  eye.  The  in  situ  gelling 
system  has  been  classified  into  three  main  categories:  temperature  dependent  systems. 
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pH-triggered  systems,  and  ion-activated  systems  (osmotically  induced  gelation).  Some 
scientists  have  developed  novel  ion  or  pH  sensitive  in  situ  gelling  systems  for  the  sus¬ 
tained  delivery  of  sparfloxacin  to  the  site  of  action.  They  have  used  sodium  alginate  as  the 
ion-sensitive  gelling  agent  and  methylcellulose  as  the  viscosity  enhancing  agent.  The 
developed  formulation  showed  nonirritant  properties  and  sustained  release  of  the  drug 
for  up  to  24  h  without  any  damage  to  ocular  tissues  (Khan  et  al.,  2015).  The  pluronic  poly¬ 
mers  have  been  used  for  the  thermal  sensitive  in  situ  gelling  system  for  the  effective  deliv¬ 
ery  of  the  drug.  The  20%  concentration  of  Pluronic  F127  was  successfully  used  for  the 
development  of  an  attractive  polymeric  formulation,  which  converts  into  a  transparent  gel 
within  the  body  at  the  physiological  temperature  (Al  Khateb  et  al.,  2016). 


13*6*6  Ointments 

Ointments,  another  class  of  delivery  system  used  in  the  topical  function,  help  to 
enhance  ocular  BA  along  with  sustained  delivery  of  the  drug.  Ointments  are  prepared  by 
using  a  combination  of  semisolid  and  solid  hydrocarbons  (paraffin)  having  ability  to 
soften  or  a  melting  point  nearer  to  body  temperature.  They  should  be  nonirritating  in 
nature  and  should  not  cause  an  allergic  response  to  the  eye.  Ointments  could  be  simple 
bases  (the  ointment  forms  one  continuous  phase),  or  compound  bases  (a  two-phase  sys¬ 
tem,  e.g.,  an  emulsion).  The  drug  delivery  with  ointment  is  associated  with  some  disad¬ 
vantages  such  as  relatively  poor  patient  compliance,  which  may  be  the  result  of  occasional 
irritation  and  blurring  of  vision  (Patel  et  al.,  2010).  The  ointments,  suspension,  and  emul¬ 
sion  are  associated  with  certain  drawbacks  like  irritation  and  redness  of  eye  and  interfer¬ 
ence  with  vision.  Vancomycin,  a  glycopeptide  antibiotic,  has  shown  excellent  activity 
against  aerobic  and  anaerobic  Gram-positive  bacteria  was  delivered  in  the  form  of  oph¬ 
thalmic  ointments  in  rabbits  (Fukuda  et  al.,  2003;  Oguro  et  al.,  2009). 


13*6*7  Microemulsions 

Microemulsions  (MEs)  are  fabricated  to  design  new  drug  delivery  systems  and  more 
and  more  research  studies  are  still  in  progress.  MEs  are  used  as  alternatives  to  the  conven¬ 
tional  ophthalmic  dosage  forms  because  they  are  easy  to  prepare  and  sterilize  and  are 
inexpensive  (Herrero-Vanrell  et  al.,  2013).  Because  of  specific  rheological  behaviors 
(Newtonian  flow  behavior)  and  low  surface  tension,  the  MEs  have  become  good  carriers 
for  hydrophilic  and  lipophilic  drugs.  The  surfactants  are  serving  as  permeation  enhancers, 
to  enhance  the  drug  permeability  across  the  cornea.  MEs  are  spread  very  easily  on  the  sur¬ 
face  of  the  eye  and  mix  with  the  tear  fluid,  releasing  the  drug  from  the  reservoir 
(Ameeduzzafar  et  al.,  2016). 

MEs  are  stabilized  by  surfactant  and  cosurfactant  and  have  smaller  droplet  size,  that  is, 
less  than  100  nm.  Therefore,  it  is  a  suitable  system  for  delivery  of  drugs  to  ocular  tissue. 
MEs  enhance  the  corneal  penetration,  time  period  of  action,  and  high  ocular  retention 

(Hegde  et  al.,  2013). 

The  current  advancement  in  the  field  of  MEs  is  the  development  of  self-emulsifying 
drug  delivery  systems  (SMEDDS)  and  their  use  in  relation  to  ocular  drug  delivery. 
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SMEDDS  can  be  used  for  the  effective  treatment  of  the  ophthalmic  disorders  such  uveitis. 
These  SMEDDS  are  providing  a  practical  possibility  and  option  to  improve  BA  through 
conventional  eye  drops.  This  is  achieved  by  providing  the  sustained  release  of  the  drug 
and  higher  precorneal  residence  time  capacity  (Tiwari  et  al.,  2017).  MEs  may  also  be  useful 
for  the  treatment  of  keratoconus  by  using  the  transepithelial  pathway.  Riboflavin  phos¬ 
phate  loaded  water  dilutable  MEs  were  developed  with  several  excipients  like  nonionic 
surfactant,  propylene  glycol,  glycerol,  etc.  The  MEs  showed  the  transepithelial  transport 
and  reached  the  corneal  surface  for  effective  treatment  of  eye  disorders  (Lidich  et  al., 
2016).  Some  other  studies  also  supported  that  the  o/w  type  of  MEs  showed  better  perme¬ 
ation  of  voriconazole  in  the  cornea  with  the  advancement  of  drug  flux  from  the  formula¬ 
tion  (Kumar  and  Sinha,  2014). 


13*6*8  Liposomes 

Liposomes  are  phospholipid  vesicles  for  targeting  the  drugs  to  the  specific  site  of  the 
body  (Soni  et  al.,  2008;  Ganeshpurkar  et  al.,  2013).  They  provide  controlled  and  selective 
drug  delivery  and  enhanced  BA;  therefore,  they  may  be  a  potential  candidate  for  the  drug 
delivery  via  ocular  route  and  suitable  for  both  lipophilic  and  hydrophilic  drugs  (Bisht 
et  al.,  2017).  Liposomes  offer  the  benefit  of  being  totally  biodegradable  and  generally  non¬ 
toxic.  But,  they  are  less  stable  compared  with  the  particulate  polymeric  drug  delivery  sys¬ 
tem.  They  are  observed  to  be  a  potential  drug  delivery  system  for  administration  of  a 
number  of  drugs  to  the  eye  (Sadozai  and  Saeidi,  2013).  Liposomes  have  different  proper¬ 
ties  based  on  their  chemical  composition.  It  consists  of  several  aqueous  layers  enclosed  by 
one  or  several  phospholipid  bilayers  (Mody  et  al.,  2014;  Bansal  et  al.,  2016). 

Liposomes  are  suitable  for  both  anterior  and  posterior  segments  of  the  eye.  The  ideal 
liposomes  have  good  BA  and  biocompatibility  and  sustained  release  of  the  drug  (Khar 
et  al.,  2010),  as  well  as  reduce  the  intraocular  toxicity  of  certain  drugs.  Short  lifespan,  com¬ 
plexity  in  storage,  less  drug  (hydrophilic)  loading  capacity,  instability  on  sterilization,  and 
blurred  vision  after  intravitreal  injection  are  some  of  the  drawbacks  associated  with  the 
liposomes.  In  spite  of  the  mentioned  disadvantages,  they  act  as  a  drug  delivery  system 
due  to  their  constituents,  which  are  nontoxic  and  biodegradable  substances.  The  liposomal 
ocular  delivery  is  highly  biocompatible  with  the  tear  film  due  to  the  similarity  in  the  struc¬ 
ture.  Various  physicochemical  properties  of  the  liposomes  provide  advantages  like 
enhanced  drug  uptake,  reduced  drug  elimination,  highly  stable,  and  increased  transcor- 
neal  uptake  (Lajunen  et  al.,  2016).  Some  modified  liposomal  drug  delivery  has  also  been 
developed,  for  example,  use  of  thermosensitive  hydrogel  polymers  for  the  enhancement  of 
retention  time  of  a  drug  release  of  some  antibiotics  like  ofloxacin  (Liu  et  al.,  2016)  and  their 
toxic  effects  are  minimized  to  a  greater  extent  (Jain  et  al.,  2017). 

Chitosan-coated  deformable  liposomes  have  been  developed  to  improve  transcorneal 
permeation  and  increase  the  corneal  retention  time  of  the  drug.  These  liposomes  were  pre¬ 
pared  and  the  retention  time  and  permeability  coefficient  were  compared  with  the 
uncoated  drug  loaded  deformable  liposomes,  liposomes,  and  drug  solution.  The  studies 
suggested  higher  retention  time  and  permeability  of  drug  from  the  chitosan  coated 
deformable  liposomes  than  the  other  formulations  (Chen  et  al.,  2016).  Some  liposomal 
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formulations  were  coated  with  the  mucoadhesive  agents  like  silk  fibroin,  for  the  improve¬ 
ment  in  the  therapeutic  efficacy  of  the  drug.  The  silk  fibroin  coated  liposome  showed  high¬ 
er  corneal  permeability  and  sustained  release  of  the  drug  without  any  ocular  tissue 
damage.  These  characteristics  of  the  mucoadhesive  coated  liposomes  make  an  efficient 
delivery  system  for  the  ocular  diseases  (Dong  et  al.,  2015). 


1 3*6*9  Nanomicelles 

Nanomicelle  self-assembling  colloidal  dispersions  are  of  nanosize,  having  a  particle  size 
of  10—100.  They  are  the  carrier  systems  consisting  of  active  moieties  in  the  form  of  a  clear 
solution  with  a  hydrophobic  core  and  hydrophilic  shell  (i.e.,  amphiphilic  molecules  having 
surfactant  or  polymeric  nature).  The  problem  of  hydrophobicity  is  associated  with  the  suf¬ 
ficient  ocular  concentration  and  is  a  major  limiting  factor  in  formulating  clear  aqueous 
solutions.  The  main  advantages  associated  with  the  nanomicelles  are  elevated  drug  encap¬ 
sulation  ability,  the  simplicity  of  preparation,  small  size,  and  hydrophilic  nanomicellar 
corona  generating  an  aqueous  solution.  They  are  also  helpful  in  augmenting  the  BA  of  the 
therapeutic  agents  in  ocular  tissues,  signifying  improved  therapeutic  effects  (Vadlapudi 
and  Mitra,  2013).  The  nanomicellar  formulation  of  highly  hydrophobic  drug  voclosporin, 
which  is  a  calcineurin  inhibitor,  has  been  developed  for  the  treatment  of  dry  eye  syn¬ 
drome.  The  two  nonionic  surfactants,  D-a-tocopheryl  polyethylene  glycol  1000  succinate 
(vitamin  E  TPGS)  costabilized  with  octyl  phenol  ethoxylate  (octoxynol-40)  in  a  defined 
combination  was  used  for  the  development  producing  the  nanometer  size  range 
(Velagaleti  et  al.,  2010). 

A  novel  surfactant  (Soluplus;  polyvinyl  caprolactam-polyvinyl  acetate-polyethylene  gly¬ 
col  copolymer)  was  used  for  the  preparation  of  a-Lipoic  acid  loaded  nanomicelles  to 
enhance  the  solubility  of  the  drug  and  its  corneal  retention  time.  These  prepared  formula¬ 
tions  showed  10  times  higher  solubility  of  the  drug  when  compared  with  the  conventional 
eye  drops.  The  formulation  also  had  the  in  situ  gelling  capacity,  which  enhances  the  reten¬ 
tion  time  of  the  formulation  at  the  ocular  site.  The  permeability  of  the  drug  was  also  found 
to  be  increased  when  tested  on  the  bovine  corneal  membrane  (Alvarez-Rivera  et  al.,  2016). 
The  dasatinib  loaded  polymeric  nanomicelles  have  been  developed  for  the  treatment  of 
PVR.  The  micellar  system  enhanced  the  solubility  and  drug  release  for  a  long  duration  in 
a  sustained  manner.  The  in  vitro  cellular  uptake  and  antiproliferative  action  of  the  formu¬ 
lations  were  evaluated  on  the  ARPE-19  cell  line.  The  micellar  formulation  was  an  uptake 
in  the  cells  through  caveolae-mediated  endocytosis,  which  showed  enhanced  antiprolifera¬ 
tive  activity.  These  results  suggested  that  the  micellar  system  was  helpful  in  the  effective 
management  of  the  PVR  (Li  et  al.,  2016). 


13*6*10  Micro  and  Nanoparticulate  Systems 

The  conventional  delivery  system  contains  a  higher  amount  of  drug  in  the  vehicle  sys¬ 
tem,  due  to  the  lower  bioavailability  of  the  drug  through  the  ocular  route.  This  higher 
amount  of  the  drug  may  cause  a  harmful  and  toxic  effect  on  the  eye  tissues.  Beyond  the 
toxicity  related  problems,  the  conventional  system  may  also  have  poor  bioavailability 
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problems,  which  may  be  due  to  poor  corneal  permeability,  lachrymation,  tear  evaporation, 
drug  metabolism,  tear  protein  binding,  etc.  (Ameeduzzafar  et  al.,  2016).  Therefore,  there  is 
the  urgent  need  to  increase  the  drug  residence  time  and  lower  the  metabolism  of  the  drug 
at  the  same  time  for  the  enhancement  in  the  bioavailability  of  the  drug.  The  micro  and 
nanoparticulate  carrier  systems  have  been  developed  to  fulfill  the  above  requirement  with 
great  success  (Tejpal  and  Jat,  2013;  Zhang  et  al.,  2016). 

In  microparticulate  delivery  systems,  the  particles  are  in  the  size  range  of  1  —200  pm, 
which  provide  the  advantage  of  the  controlled  and  sustained  release  of  the  medicaments. 
The  delivery  systems  provide  a  constant  drug  amount  to  the  site  of  action  and  hence  the 
toxic  effect  of  the  drug.  The  drug  is  slowly  released  by  the  erosion  and  followed  by  the 
diffusion  process  (Khan  et  al.,  2012).  Polymers  used  in  the  systems  show  bioadhesive 
properties  that  enhance  the  retention  time  and  facilitate  the  transport  of  the  drug  to  the 
inner  part  of  the  eye  chamber  (Gavini  et  al.,  2015).  The  smaller  particles  exhibit  the  higher 
patient  compliance  as  well  as  higher  therapeutic  efficacy  when  compared  with  the  larger 
size  particulate  system  (Roy  et  al.,  2013).  Some  mucoadhesive  microparticles  have  been 
developed  for  the  adhesion  with  the  ocular  surface,  which  exhibits  slow  drug  release  for  a 
prolonged  period  of  time  (Bin  et  al.,  2008). 

The  nanoparticulate  systems  are  the  drug  delivery  system  in  the  nanosize  range,  which 
includes  polymeric  nanoparticles  and  liposomal  drug  delivery  systems.  Polymeric  nano¬ 
particles  are  made  of  biodegradable  amphiphilic  block  copolymers,  in  which  the  hydro¬ 
philic  part  forms  the  shell  while  the  hydrophobic  part  of  the  polymer  is  present  at  the  core 
of  the  structure  (Zhang  et  al.,  2016).  The  nanoparticles  increase  the  drug  solubility  by  the 
encapsulation  of  various  poorly  soluble  drugs  like  celecoxib,  sparfloxacin,  cyclosporine, 
etc.  The  system  also  has  the  advantage  of  the  controlled  and  sustained  release  of  the  medi¬ 
cation  for  a  longer  period  of  time  (Gupta  et  al.,  2010;  Aksungur  et  al.,  2011). 

Microcapsules,  microspheres,  and  nanoparticles  are  maintained  for  a  long  period  of 
time  within  the  eye  and  offer  the  slow,  constant,  and  sustained  release  of  drugs.  They  are 
easy  to  prepare  and  stable  as  compared  with  liposomes.  Particulate  systems  can  be  made 
by  using  erodible  and  nonerodible  polymers  from  which  the  drug  is  released  by  polymer 
degradation  or  diffusion. 

13.6.10.1  Nanoparticles 

Nanoparticles,  colloidal  carriers  having  a  size  range  of  10—1000  nm,  represent  a  promis¬ 
ing  candidate  for  ophthalmic  drug  delivery  due  to  some  advantages  that  include  small 
size  leading  to  low  irritation,  sustained  release,  avoiding  frequent  administration,  etc.  But, 
like  other  aqueous  solutions,  elimination  from  the  precorneal  pocket  may  also  occur  with 
the  nanoparticles.  Thus,  to  improve  precorneal  residence  time  nanoparticles  with  mucoad¬ 
hesive  properties  for  topical  administration  have  been  developed.  To  improve  precorneal 
residence  time  polyethylene  glycol  (PEG),  hyaluronic  acid,  and  chitosan  are  generally  used 
(Patel  et  al.,  2013).  Recently,  Imam  et  al.  studied  a  levofloxacin  bearing  chitosan  nanoparti¬ 
cles  system  to  prove  their  antibacterial  activity  and  ocular  tolerance.  This  system  was 
found  to  be  more  efficient  as  compared  with  the  plain  solution  of  levofloxacin  by  reducing 
the  corneal  clearance,  nasolacrimal  drainage,  and  enhancing  corneal  retention  of  the  nano¬ 
particle  by  converting  into  a  sol— gel  system.  The  developed  formulation  shows  higher 
antimicrobial  study  against  P.  aeruginosa  and  S.  aureus.  To  check  the  irritation  potential  of 
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the  formulation,  a  histopathological  study  was  performed  on  goat  cornea.  The  study 
reveals  that  no  changes  occur  in  the  eye  tissues  on  the  application  of  the  formulations,  that 
is,  levofloxacin  bearing  chitosan  nanoparticles  in  situ  gel  system,  and  was  found  to  be  safe 
for  use.  The  corneal  membrane  cells  were  found  undamaged,  and  similar  in  position  in 
the  corneal  section  as  compared  with  control  (Fig.  13. 6A  and  B)  (Imam  et  al.,  2018). 


13.6.10.2  Nanosuspensions 

Nanosuspensions,  submicron  colloidal  dispersions  of  nanosized  drug  particles  that  are 
stabilized  by  surfactants,  have  emerged  as  a  promising  carrier  system  for  delivery  of  the 
poorly  water-soluble  drug.  Especially,  for  ocular  drug  delivery,  they  provide  certain  advan¬ 
tages  like  sterilization,  less  irritation,  ease  of  eye  drop  formulation,  higher  drug  loading, 
enhancement  of  the  physical  and  chemical  stability  of  drugs,  enhancement  of  precorneal  res¬ 
idence  time,  and  augmentation  in  ocular  BA  of  drugs  (e.g.,  glucocorticoids),  which  are  insol¬ 
uble  in  tear  fluid  (Patel  and  Agrawal,  2011).  Nanosuspensions,  in  ocular  drug  delivery,  are 
also  associated  with  some  more  advantages:  (1)  they  are  made  up  of  bioerodible  polymer 
leading  to  enhanced  residual  time  in  cul-de-sac  necessary  for  successful  treatment;  (2)  posi¬ 
tive  charge  on  nanoparticles  shows  proper  adhesion  to  mucin,  which  is  negatively  charged 
causing  extend  drug  release,  by  using  chitosan  as  mucoadhesive  cationic  polymer;  and  (3) 
they  have  improved  rate  and  extent  of  drug  absorption  (Yadollahi  et  al.,  2015). 

Poorly  water-soluble  drugs  are  not  showing  their  full  potential  as  drug  products 
through  the  use  of  the  conventional  formulation.  To  overcome  the  various  deficiencies 
linked  with  these  molecules,  the  use  of  nanotechnology  is  providing  the  opportunity  to 
develop  the  nanosuspensions  for  these  drug  molecules.  Khan  et  al.  formulated  the  pilocar¬ 
pine  nitrate  nanosuspensions  by  using  inert  polymer  resin  (Eudragit  RL  100)  to  improve 
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FIGURE  13.6  Histopathology  image 
of  treated  groups  (A)  control,  (B)  levo¬ 
floxacin  bearing  chitosan  nanoparticles  in 
situ  gel  system.  Source:  Adapted  from 
Imam ,  S.S.,  Bukhari ,  S.N.A.,  Ahmad ,  /.,  Ali, 
A.,  2018.  Formulation  and  optimization  of 
levofloxacin  loaded  chitosan  nanoparticle  for 
ocular  delivery:  In-vitro  characterization , 
ocular  tolerance  and  antibacterial  activity. 
Int.  J.  Biol.  Macromol.,  108,  650—659. 
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the  drug  availability  at  the  intraocular  level  and  lessen  drug  administration  frequency.  The 
drug  shows  the  uniform  molecular  dispersion  in  the  whole  polymer  matrix  and  releases 
the  drug  successfully  for  24  h.  Hence,  these  findings  are  providing  the  use  of  nanosuspen¬ 
sions  as  a  promising  potential  drug  delivery  system  to  be  used  for  water-insoluble  drugs 
in  the  treatment  of  eye  disease  (Khan  et  alv  2013).  Similarly,  Kassem  et  al.  prepared  the 
nanosuspensions  for  some  water-insoluble  glucocorticoid  drugs  (hydrocortisone,  dexa- 
methasone,  and  prednisolone)  by  the  high-pressure  homogenization  method.  The  prepared 
formulations  were  studied  for  particle  size  effect  of  micron  and  nanosize  range  and  viscos¬ 
ity  on  the  ocular  BA  on  albino  rabbits.  The  nanosuspension  improves  the  rate  and  amount 
of  ophthalmic  drug  absorption  along  with  the  intensity  of  drug  action.  The  viscosity  plays 
a  key  role  in  enhancing  the  duration  of  drug  action  (Kassem  et  al.,  2007). 

13.6.10.3  Niosomes 

Niosomes  are  the  self-assembled  vesicles  of  nonionic  surfactants.  The  presence  of 
hydrophilic,  lipophilic,  and  amphiphilic  moieties  in  the  structure  makes  them  accommo¬ 
date  drug  moieties  of  different  solubility  profile.  Niosomes  may  operates  as  a  depot;  this 
drug  release  is  in  a  controlled  manner  (Kazi  et  al.,  2010).  Fetih  developed  the  fluconazole 
bearing  niosomal  incorporated  in  gels  for  corneal  fungal  infections  as  a  topical  ocular  drug 
delivery  system.  For  topical  ocular  drug  delivery,  niosomes  are  favored  over  other  vesicu¬ 
lar  systems  due  to  some  advantages:  chemical  stability;  ease  of  handling  surfactants;  non¬ 
ionic  nature  leading  to  low  toxicity;  the  ability  to  improve  the  performance  of  the  drug  via 
better  BA,  controlled  delivery  at  a  desired  site;  biocompatible,  biodegradable,  and  nonim- 
munogenic  nature.  They  have  been  used  significantly  to  improve  the  ocular  bioavailability 
of  certain  drugs  like  cyclopentolate,  timolol  maleate,  etc.  (Abdelbaryand  El-gendy,  2008). 

Khalil  et  al.  developed  the  noisomal  system  of  lomefloxacin  HC1  (hydrophilic  drug), 
which  could  be  a  promising  drug  carrier  for  the  treatment  of  bacterial  conjunctivitis. 
Ocular  irritancy  study  reveals  no  signs  of  ocular  toxicity,  which  confirms  its  safety  and 
suitability  to  be  used  for  the  ocular  application.  The  microbiological  evaluation  was  per¬ 
formed  by  S.  aureus  to  induce  topical  conjunctivitis.  The  significant  healing  effect  was 
observed  after  the  colony  count  and  clinical  observation  performed  after  8  days  of  formu¬ 
lation  administrations.  Hence,  the  results  of  the  study  provide  information  that  liposomal 
formulation  of  lomefloxacin  could  serve  as  a  hopeful  and  better  ocular  delivery  system  to 
be  used  for  the  treatment  of  bacterial  conjunctivitis  (Khalil  et  al.,  2017). 

13.6.10.4  Dendrinters 

Dendrimers  are  highly  branched,  nanosized,  star-shaped  polymeric  drug  delivery  sys¬ 
tems,  comprising  of  different  molecular  weights  branches,  and  could  exhibit  different 
drug  release  patterns.  These  branched  polymeric  systems  have  terminal  end  hydroxyl, 
amine,  or  carboxyl  functional  groups  that  are  used  to  conjugate  with  the  targeting  mole¬ 
cule  (Gajbhiye  et  al.,  2009;  Prajapati  et  al.,  2009;  Tekade  et  al.,  2008,  2009a,b).  The  extremely 
branched  organization  of  dendrimers  is  advantageous  for  the  deliveries  of  both  hydropho¬ 
bic  and  hydrophilic  drugs.  Poly(amidoamine)  (PAM AM)  dendrimers  are  the  most  com¬ 
monly  and  widely  used  form  for  the  delivery  of  active  moiety  to  the  eye.  The  PAMAM 
dendrimers  were  used  for  the  delivery  of  pilocarpine  nitrate  and  tropicamide  to  show  the 
miotic  and  mydriatic  activities  respectively  (Patel  et  al.,  2013).  The  dendrimers  have  been 
used  for  the  delivery  of  drugs,  genes,  antioxidants,  and  peptides  along  with  the 
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application  in  biomedical  imaging,  and  genetic  testing  in  ophthalmology.  The  discovery  of 
dendrimers  is  helpful  for  the  delivery  of  drugs  and  other  moieties  to  the  eye  and  they  are 
advantageous  due  to  enhancing  corneal  residence  time  of  topically  administered  drugs, 
target  retinal  neuroinflammation  thus  grant  target  delivery,  sustained  protection  in  retinal 
degeneration,  delivery  of  drugs  to  the  retina  on  systemic  administration,  be  efficient  as 
corneal  glues  thus  replacing  sutures  following  corneal  surgeries  (Yavuz  et  al.,  2013). 

Bravo  et  al.  formulated  the  water-soluble  cationic  and  anionic  carbosilane  dendrimers 
in  an  eye  drop.  Cationic  dendrimer  was  modified  with  ammonium  and  deprotected  by 
HC1  whereas  anionic  dendrimer  possesses  terminal  carboxylate  groups.  The  in  vitro  toler¬ 
ance  studies  were  carried  out  in  human  ocular  epithelial  cell  lines  and  in  vivo  tolerance 
studies  were  carried  out  on  rabbit  eyes.  The  findings  of  the  studies  reveal  tolerance  poten¬ 
tial  of  low  amounts  of  cationic  carbosilane  dendrimers.  These  were  found  to  be  safe  and 
effective  on  topical  administration  in  minimum  dose  with  improving  the  hypotensive 
effect  of  acetazolamide  solution,  which  may  be  contributed  due  to  the  interaction  between 
ocular  transmembrane  mucins  and  cationic  carbosilane  dendrimers.  Hence,  these  dendri¬ 
mers  could  be  applicable  in  a  safe  range  of  concentrations  on  topical  administration  along 
with  enhancing  the  bioavailability  of  drugs  (Bravo-Osuna  et  al.,  2016). 

The  dendrimers  were  found  to  be  applicable  for  the  treatment  of  various  diseases  like 
DR.  They  could  be  used  to  overcome  the  side  effects  due  to  the  invasive  and  topical  appli¬ 
cation,  which  does  not  produce  proper  therapeutic  concentrations  in  the  target  tissue.  They 
improve  the  delivery  of  drugs  to  the  retina  by  topical  administration  to  treat  DR.  Yavuz 
et  al.  synthesized  the  dexamethasone — PAMAM  dendrimer  complexes  and  evaluated 
Sprague  Dawley  rats  for  cell  permeability,  cytotoxicity,  and  ex  vivo  transport  across  ocular 
tissues  following  subconjunctival  and  topical  applications.  Dexamethasone,  a  glucocorti¬ 
coid,  is  very  supportive  of  ocular  therapeutics  but  shows  some  drawbacks  such  as  low 
bioavailability,  and  rapid  clearance  from  both  chambers.  The  delivery  through  the  dendri¬ 
mer  increases  dexamethasone  delivery  efficiency  and  longer  residence  time  as  compared 
with  simple  solution  injection.  This  study  reveals  the  potential  of  dendrimer-based 
injection  systems  to  treat  anterior  as  well  as  posterior  segment  diseases.  They  perform  the 
methyl-thiazol-tetrazolium  (MTT)  assay  to  prove  that  blank  dendrimers  do  not  show  the 
cytotoxicity  and  could  be  due  to  the  presence  of  dexamethasone  itself  as  shown  in  Fig.  13.7. 

13.6.10.5  Solid  Lipid  Nanoparticles 

Solid  lipid  nanoparticles  (SLNs)  are  spherical  colloidal  carriers  having  an  average  diam¬ 
eter  of  10—1000  nm.  They  are  made  up  of  solid  lipid  whose  core  lipid  matrix  could  solubi¬ 
lize  hydrophobic  moieties.  They  offer  different  advantages  including  entrapment  of  both 
hydrophilic  and  lipophilic  drugs,  site-specific  drug  delivery,  superior  biocompatibility, 
better  drug  and  formulation  stability,  high  drug  entrapment  with  controllable  particle  size 
as  desired,  higher  surface  area  with  small  particle  size,  prevention  of  carrier  toxicity,  low 
production  cost,  etc.  (Pandey  et  al.,  2015;  Rai  et  al.,  2015).  Hippalgaonkar  et  al.  reported 
indomethacin  loaded  SLNs  were  most  effective  and  established  a  significant  increase  in 
the  ocular  bioavailability.  Compritol  888  ATO  was  used  as  the  lipid  phase  and  Poloxamer 
188  and  Tween  80  as  total  surfactant  concentration  at  1%  w/v  were  used  as  surfactants. 
SLN  formulations  would  avoid  the  problem  of  blurred  vision  as  well  as  any  ocular  dis¬ 
comfort  issues  associated  with  the  administration  of  the  conventional  formulations 
(Hippalgaonkar  et  al.,  2013).  Balguri  et  al.  developed  the  SLNs  and  nanostructured  lipid 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


496 


13.  DESIGN  AND  EVALUATION  OF  OPHTHALMIC  DELIVERY  FORMULATIONS 


100 

_  80 


#  # 


60 

40 

20 

0 


j 


A®  CF 
&  0? 


!  _o<^  ° 


'  A 


Y 

V 


fVi 

Y 


y 


FIGURE  13.7  Percent  cell  viabil¬ 
ity  results  of  the  MTT  assay. 
^Significantly  lower  than  DEX  solu¬ 
tion.  #  significantly  higher  than 
dexamethasone  solution.  Source: 
Adapted  from  Yavuz,  B.,  Pehlivan , 
S.B.,  Vura/,  L,  Urdu,  N.,  2015.  In 
vitro/in  vivo  evaluation  of  dexametha¬ 
sone — PAMAM  dendrimer  complexes 
for  retinal  drug  delivery.  J.  Pharm.  Sci., 
104(11 ),  3814-3823. 


carriers  (NLCs)  of  indomethacin  to  investigate  their  therapeutic  efficacy  by  using  a  topical 
application.  The  developed  the  nanoparticle  system  shows  the  higher  drug  loading  capac¬ 
ity  and  entrapment  efficacy.  These  lipid-based  nanoparticulate  systems  can  be  used  as  via¬ 
ble  vehicles  in  the  treatment  of  ocular  infections  and  could  deliver  the  drug  to  an  anterior 
as  well  as  a  posterior  segment  of  ocular  tissues  (Tekade  et  al.,  2017;  Balguri  et  al.,  2016). 


13*6*11  Other  Ocular  Drug  Delivery  Devices 

13.6.11.1  Ocufit  (Erodible  Implants) 

There  are  three  types  of  implants  available  in  the  market.  The  first  type  is  a  rod-shaped 
device,  which  is  made  up  of  silicone  elastomer  used  for  dry  eye  syndrome.  Escalon 
Ophthalmic  Inc.  is  currently  developing  this  device.  Its  diameter  is  1.9  mm  and  length  is 
25—30  mm.  It  was  designed  to  fit  into  the  shape  and  size  of  the  human  conjunctival  fornix. 
The  second  type  is  a  soluble  ocular  drug  insert,  which  is  polyacrylamide  impregnated  with 
drug  wafers.  The  third  type  is  a  porcine  collagen  shield  that  provides  lubrication  to  the  eyes. 
A  Lacrisert  (a  cellulosic  device  for  the  treatment  of  dry  eye  patients)  is  a  typical  example  of  a 
rod-shaped  insert  developed  by  Merck  and  Co.,  Inc.  The  two  important  features  of  insoluble 
Ocufit  are  long  retention  time  and  sustained  release  of  the  drug.  The  study  reported  that 
when  the  device  was  placed  in  the  upper  fornix  of  volunteers,  it  remains  there  for  2  weeks 
or  more  in  about  70%  of  the  cases.  The  occurrence  of  the  various  ocular  diseases  such  as  bac¬ 
terial,  allergic,  and  adenoviral  conjunctivitis,  episcleritis,  trachoma,  etc.  do  not  have  an  effect 
on  the  capability  of  the  patients  to  hold  the  inserts  properly  (Kumar  et  al.,  2013a,b). 

13.6.11.2  Ocusert  (N oner odible  Inserts) 

Ocusert  is  a  novel  ocular  drug  delivery  system  developed  by  the  Alza  Corporation.  It  is  a 
flat,  flexible,  elliptical  device  made  up  of  porous  membrane  and  designed  in  a  way  to  be 
placed  in  the  cul-de-sac  between  the  sclera  and  eyelid  (Fig.  13.8).  It  helps  to  release 
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13.8  Design  of 


pilocarpine  continuously  for  7  days  at  a  steady  rate.  The  release  from  the  system  is  based  on 
a  diffusion  release  mechanism.  The  concentration  of  the  drug  is  nearly  constant  in  ocular  tis¬ 
sues,  thus  able  to  improve  the  action  of  pilocarpine.  A  drug  is  enclosed  in  the  microporous 
membrane,  which  is  specially  designed  to  allow  the  diffusion  of  the  drug  in  a  controlled 
and  predetermined  fashion.  This  system  follows  zero  order  kinetics  and  controlled  release 
could  be  achieved.  It  consists  of  three  layers.  The  outer  layer  is  made  up  of  ethylene  vinyl 
acetate  copolymer,  inner  core  consists  of  pilocarpine  gelled  with  alginate  polymer  (alginic 
acid),  and  a  retaining  ring  of  ethylene  vinyl  acetate  is  impregnated  with  titanium  oxide. 
Examples  are  Pilo-20  and  Pilo-40.  Pilo-20  is  able  to  deliver  the  drug  at  a  rate  of  20  pg/h  for  7 
days,  and  Pilo-20  is  able  to  deliver  the  drug  at  a  rate  of  40  pg/h  for  7  days.  The  device  is 
most  commonly  used  in  younger  patients  as  compared  with  older  ones,  due  to  difficulty  in 
insertion.  The  system  is  also  associated  with  certain  drawbacks,  which  are  the  high  cost  of 
the  device,  nonbiodegradable,  and  necessity  to  be  removed  and  replaced  with  a  new  one. 


13.6.11.3  Minidisc  Ocular  Therapeutic  Systems 

The  minidisc  ocular  therapeutic  system  is  a  solid  polymeric  device,  formed  like  a  smaller 
(diameter  4—5  mm)  contact  lens,  with  a  raised  and  an  inward  face,  that  is,  a  convex  and  a 
concave  face  (Fig.  13.9).  Different  versions  of  the  distinctive  variants  of  the  minidisc  have 
been  developed,  for  example,  nonerodible  hydrophilic,  nonerodible  hydrophobic,  and  erod- 
ible  (Kumar  et  al.,  2013a,b).  It  also  requires  less  time  and  less  manual  dexterity  for  inser¬ 
tion;  the  gadget  can  undoubtedly  be  put  under  the  upper  or  lower  eyelid  without  trading 
off  solace,  vision,  or  oxygen  transportation  due  to  its  specific  size  and  shape  (Karthikeyan 
et  al.,  2014).  The  composition  includes  silicone  based  prepolymer-alpha-w-dis(4-methacry- 
loxy)-butyl  polydimethyl  siloxane,  M-Methyl  acryloxy  butyl  functionalities,  D-Di  methyl 
siloxane  functionates,  pilocarpine,  and  chloramphenicol.  To  be  placed  under  the  upper  or 
lower  lid,  the  specific  size  and  its  shape  are  important  to  allow  a  trouble-free  placement  of 
the  device.  The  insertion  is  to  be  in  such  a  way  as  to  provide  comfort,  vision,  or  oxygen 
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FIGURE  13.9  Design  of  Minidisc. 

permeability.  The  minidisc  requires  less  time  as  compared  with  another  standard  insert, 
the  Lacrisert.  Clinical  trials  performed  on  placebo  units  established  the  tolerance  potential 
of  the  device  by  the  eye  when  placed  either  in  the  lower  or  upper  conjunctival  sac. 

13.6.11.4  Contact  Lenses 

Still,  many  researchers  are  involved  in  the  development  of  contact  lenses  as  drug  deliv¬ 
ery  devices  to  achieve  more  and  more  therapeutic  effects.  The  main  focus  is  to  make  the 
drug  available  for  a  prolonged  period  of  time  in  the  different  areas  of  eyes  to  treat  oph¬ 
thalmic  diseases.  The  main  challenges  are  faced  during  the  design  fabrication  of  contact 
lenses  is  oxygen  permeability,  transparency,  water  content,  and  tensile  strength  (Lee  et  al., 
2015).  Contact  lenses  absorb  water-soluble  drugs  and  provide  improved  release  of  thera¬ 
peutic  agents.  These  drug  immersed  contact  lenses  are  positioned  in  the  eye  for  providing 
the  sustained  release  of  the  drug  for  a  longer  period  of  time.  The  hydrophilic  contact 
lenses  can  be  utilized  to  prolong  the  ocular  residence  time  of  the  drug  (Hu  et  al.,  2011). 
Thebionite  contact  lenses  were  used  to  deliver  idoxuridine,  pilocarpine,  and  polymyxin  B 
(Mundada,  2011).  Presoaked  contact  lenses  are  more  effective  and  reliable  drug  delivery 
systems  but  offer  toxicity  to  the  corneal  epithelium  because  of  the  presence  of  preservative 
like,  benzalkonium  chloride.  Sometimes  lenses  may  lead  to  foreign  body  sensations,  blur¬ 
ring,  and  decreased  oxygen  tension  on  the  corneal  surface  (Kara-Jose  et  al.,  2004).  The 
comparative  drug  release  pattern  from  conventional  eye  drops  and  drug-loaded  lenses  are 
shown  in  Fig.  13.10. 

13.6.11.5  Implants 

The  development  of  the  first  nonbiodegradable  implant  was  reported  in  1996.  It  was 
developed  for  cytomegalovirus  retinitis  secondary  to  AIDS.  Biodegradable  implants  are 
made  up  of  hydrophobic  or  hydrophilic  polymers  and  are  available  in  different  shapes 
like  rods,  plugs,  discs,  or  sheets  (Yasukawa  et  al.,  2006).  The  clinically  used  intravitreal 
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FIGURE  13.10  Comparative  drug 
release  pattern  from  conventional  eye 
drop  and  drug-loaded  lenses. 


implants  are  divided  into  two  main  categories,  that  is,  nonbiodegradable  devices  and  bio¬ 
degradable  devices,  as  shown  in  Table  13.1. 

13.6.11.6  Microneedles 

Microneedles  are  fabricated  in  a  wide  range  of  shapes  and  from  different  materials  like 
silicon  in  the  form  of  silicon  dioxide  and  silicon  nitride  (Donnelly  et  al.,  2010).  They  are  a 
third-generation  invasive  device  having  typically  25—100  pm  in  height.  Microneedle- 
mediated  delivery  has  great  potential  in  ocular  delivery  and  is  initially  used  for  the  deliv¬ 
ery  of  macromolecules.  However,  more  and  more  research  is  still  required  due  to  their 
potential  risk  and  challenges.  There  are  some  regulatory  issues  associated  with  the  fabrica¬ 
tion  processes  of  such  systems.  Microneedle-based  systems  are  innovative  in  nature  and 
beneficial  to  industry  also  (Moffatt  et  al.,  2017).  These  types  of  intraocular  devices  help  to 
overcome  potential  hazards  associated  with  the  conventional  systems  like  poor  BA,  reten¬ 
tion  time,  cloudiness  of  the  vitreous  humor,  retinal  detachment,  and  endophthalmitis  as 
intravitreal  injections.  These  devices  mainly  provide  zero  order  rates  (increasing  the 
predictability  of  drug  action)  and  provide  drug  release  for  several  days  (decrease  fre¬ 
quency  of  drug  administration)  (Sanjay  et  al.,  2016). 

Microneedles  provide  the  delivery  of  drug  to  an  anterior  and  posterior  segment  of  the 
eye  to  treat  the  ocular  diseases.  They  help  in  overcoming  the  drawbacks  of  the  conven¬ 
tional  formulations  such  as  low  BA.  Microneedles  are  considered  as  minimally  invasive 
means  as  compared  with  direct  injection  of  drugs  into  the  ocular  tissues  for  the  localized 
drug  delivery.  They  show  their  action  with  better  precision  and  accuracy  as  compared 
with  the  hypodermic  needles.  Several  types  of  research  have  been  performed  from  time  to 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


500  13.  DESIGN  AND  EVALUATION  OF  OPHTHALMIC  DELIVERY  FORMULATIONS 


TABLE  13.1  Different  Implants  Used  in  Ophthalmic  Delivery  (Wang  et  aL,  2013) 


Implants 

Examples 

Drug 

Polymer  and  Other 
Chemicals 

Uses 

Nonbiodegradable 

devices 

Vitrasert 

Ganciclovir 

Polyvinyl  alcohol 
(PVA) 

CMV  retinitis  in  AIDS 
patients 

Ethylene  vinyl  acetate 
(EVA) 

Retisert 

Fluocinolone 

acetonide 

PVA  and  silicon 
laminate 

Chronic  noninfectious  uveitis 

Iluvien 

Fluocinolone 

acetonide 

PVA 

Chronic  DME 

I-vation 

Triamcinolone 

acetonide 

Titanium,  PVA,  and 
EVA 

DME 

Ranibizumab  Port 
Delivery  System 

Ranibizumab 

Visual  acuity,  a  sustained 
decrease  in  macular  thickness 

Biodegradable 

devices 

Ozurdex 

Dexamethasone 

PLGA 

Macular  edema,  noninfectious 
posterior  uveitis. 

Surodex 

Dexamethasone 

PLGA  and 

hydroxypropyl 

methylcellulose 

Postoperative  inflammation 

Verisome 

Ranibizumab 

Endophthalmitis  or  uveitis 

time  for  the  applications  of  microneedles.  Palakurthi  et  al.  fabricated  the  of  3  X  3  biode¬ 
gradable  methotrexate  loaded  microneedles  for  the  treatment  of  primary  intraocular  lym¬ 
phoma  with  the  dimensions  of  2  mm  length,  2  mm  width,  and  2.3  mm  height.  The 
developed  microneedles  were  tested  in  vivo  for  the  safety  and  surgically  positioned  in  the 
deep  lamellar  scleral  pocket  of  the  rabbit  eye.  They  were  set  up  to  be  safe  with  the  ability 
of  painless  or  minimally  invasive  delivery  of  drugs,  which  may  be  contributed  by  its 
micron-sized  dimensions  (Palakurthi  et  al.,  2011).  Another  in  vivo  study  was  performed 
by  Gilger  et  al.  to  reduce  the  inflammation  of  acute  posterior  uveitis.  They  used  33G  hol¬ 
low  microneedles  with  the  dimensions  of  850  pm  height  for  the  delivery  of  triamcinolone 
acetonide  to  the  suprachoroidal  space.  The  study  involves  the  use  of  0.2  and  2.0  mg  of  the 
suprachoroidal  space  triamcinolone  acetonide,  which  was  found  to  be  effective  in  reducing 
inflammation  with  no  proof  of  any  adverse  effect,  that  is,  increase  in  intraocular  pressure, 
hemorrhage,  or  drug  toxicity  on  the  application  of  microneedles  (Gilger  et  al.,  2013). 

13.6.11.7  Prodrugs 

The  prodrug  concept  is  a  potential  way  to  deliver  those  drug  molecules  that  have  low 
ocular  BA  due  to  several  physicochemical  and  physiological  limitations.  The  designing  of 
the  prodrug  is  a  very  challenging  job  and  should  have  similar  functional  groups  as  the 
parent  drug.  The  chemical  modification  at  the  functional  group  must  be  reversible  at 
the  site  of  action  via  enzymatically  or  nonenzymatically  metabolism  (Rautio  et  al.,  2008). 
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The  various  ocular  preparations  are  instilled  in  the  form  of  solution  as  eye  drops,  so 
in  that  case,  the  solubility  of  the  prodrug  is  an  important  parameter  to  be  considered 
when  the  parent  drug  is  lipophilic  or  has  less  aqueous  solubility  (Jornada  et  al.,  2015). 
Several  studies  suggested  that  prodrugs  have  high  site-specific  drug  delivery  and  reduce 
the  final  dose  of  the  parent  drug.  On  the  other  hand,  some  drugs  are  required  to  be  con¬ 
verted  into  the  prodrug  to  enhance  lipophilicity  as  well  as  permeability  and  recently  many 
studies  are  ongoing  to  solve  these  problems  (Karande  et  al.,  2014). 

13.6.11.8  Intravitreal  Delivery 

Intravitreal  injection  is  also  a  model  of  ocular  drug  delivery.  Intravitreal  injection  pro¬ 
vides  a  higher  concentration  of  drug  to  the  target  organ  and  avoids  concomitant  undesir¬ 
able  side  effects  of  the  systemic  administration.  But  the  volume  of  such  injections  should 
not  be  more  than  0.1  or  0.2  mL  in  the  anterior  chamber  or  vitreal  tap,  respectively.  The 
intravitreal  drug  delivery  provides  a  higher  amount  of  the  drug  in  the  retina  and  vitreous 
compartment.  Therefore,  the  system  protects  the  eye  from  various  adverse  reactions  that 
occur  in  drug  delivery  by  other  routes.  These  adverse  reactions  may  include  retinal 
detachment,  infection  of  vitreal  fluid,  and  ocular  bleeding,  which  can  be  minimized  by  the 
intravitreal  system  (Somsanguan  Ausayakhun  et  al.,  2005).  However,  patients  need  to  be 
more  careful  about  the  delivery  of  the  drug  by  this  system,  because  the  system  follows 
first  order  release  kinetics,  which  may  cause  the  toxicity  and  also  limit  the  therapeutic 
effect  due  to  fast  elimination  from  the  targeted  site  (Demir  et  al.,  2014). 

The  distribution  of  a  drug  through  intravitreal  administration  depends  upon  its  parti¬ 
tioning  properties  in  the  different  eye  tissues  and  the  elimination  of  the  drug  from  the 
vitreal  chamber  depends  upon  the  molecular  weight  of  the  drug  and  other  therapeutic 
agents  (Del  Amo  and  Urtti,  2015).  The  larger,  hydrophilic  molecules  are  mainly  eliminated 
from  the  anterior  chamber,  while  the  smaller,  lipophilic  molecules  are  eliminated  from  the 
posterior  chamber  (Christoforidis  et  al.,  2011).  The  drug  elimination  from  the  posterior 
chamber  is  followed  by  the  blood— retina  barrier  to  the  ocular  blood  vessels,  however,  the 
anterior  chamber  elimination  takes  place  through  the  uveal  blood  flow  and  aqueous 
humor  turnover  (Del  Amo  et  al.,  2015). 

13.6.11.9  Iontophoresis 

Iontophoresis  is  used  as  a  noninvasive  technique  for  the  delivery  of  ionized  drugs  into 
the  ocular  compartment  with  the  aid  of  a  low-intensity  electrical  current.  In  the  ocular  ion¬ 
tophoresis  method,  the  drug  can  be  delivered  to  both  parts  of  the  eye,  that  is,  the  anterior 
and  posterior  chamber  (Fig.  13.11).  The  charged  ions  of  the  drug  moved  into  the  eye  cham¬ 
ber  due  to  the  repulsion  between  the  same  charged  ions  and  the  electrode  (Jain  et  al., 
2012;  Gratieri  and  Kalia,  2014). 

On  the  basis  of  the  delivery  site,  the  iontophoresis  may  be  of  two  types,  that  is,  transcor- 
neal  and  transscleral  iontophoresis.  The  transcorneal  application  of  the  drug  is  effective 
for  the  delivery  of  the  drug  into  the  anterior  chamber  but  does  not  go  to  the  posterior 
chamber.  Therefore,  this  method  is  useful  for  the  remedy  and  therapy  of  diseases  related 
to  the  anterior  chamber-like,  dry  eyes,  glaucoma,  keratitis,  ocular  inflammations,  corneal 
ulcers,  etc.  However,  a  transscleral  method  is  useful  in  the  delivery  of  the  drug  molecule 
to  the  posterior  chamber  by  crossing  the  lens— iris  barrier  and  reaching  the  vitreous  and 
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Anode  Cathode  FIGURE  13.11 


Iontophoresis. 


retina  site.  Hence,  the  method  is  a  good  option  for  replacement  of  the  intravitreal  injection 
method  for  the  treatment  of  posterior  chamber  diseases  like  uveitis,  retinal  infections, 
endophthalmitis,  retinoblastoma,  AMD,  etc.  In  spite  of  the  posterior  chamber  drug  deliv¬ 
ery,  the  transscleral  method  has  several  advantages,  such  as  penetration  for  larger  mole¬ 
cules,  over  the  transcorneal  method,  which  may  be  due  to  the  presence  of  less  number  of 
cells  in  the  sclera,  as  well  as  larger  and  hydrated  sclera  surface.  There  may  be  some  disad¬ 
vantages  of  the  ocular  iontophoresis  delivery  due  to  the  frequent  administration  and  pain 
in  some  cases  (Patel  et  al.,  2010;  Gratieri  et  al.,  2017). 

Eyegate  and  OcuPhor  are  the  major  iontophoresis  devices  in  the  developmental  stage 
for  ocular  application.  Visulex  is  also  a  transscleral  device  used  for  the  high  molecular 
weight  drugs  like  antibiotics,  corticosteroids,  etc.  (Haghjou  et  al.,  2011). 

13.6.11.10  Gene-Based  Medicine  for  Ocular  Diseases 

Various  studies  have  investigated  the  effective  targeted  in  vivo  delivery  of  oligonucleo¬ 
tides,  plasmid  DNA,  small  interfering  RNA  (siRNA),  and  viral  vectors  to  the  corneal  cells. 
The  transparent  and  vascular  cornea  is  considered  to  be  an  ideal  tissue  for  exploring  the 
efficiency  of  gene  therapy  for  congenital  and/or  acquired  diseases.  Mainly,  corneal  epithe¬ 
lial  cells  delivery  is  achieved  via  intrastromal  injection,  iontophoresis,  electroporation,  and 
gene  gun.  The  electroporation  and  iontophoresis  were  found  to  be  feasible  in  delivering 
siRNA  but  not  for  plasmid  DNA.  Nanocarriers  systems  such  as  liposome  polymeric 
micelles  are  also  used  as  a  promising  method  for  corneal  gene  delivery  (Hao  et  al.,  2010; 
Chaurasia  et  al.,  2015) 

Gene  Replacement  Therapy:  Understanding  of  molecular  mechanisms  underlying  the 
pathogenesis  of  neurodegenerative  diseases  of  the  eye  is  important  because  such  knowl¬ 
edge  would  help  in  developing  gene  therapy  approaches  to  treat  these  devastating  eye 
disorders.  Challenges  regarding  the  efficacy  and  of  therapeutic  gene  delivery  have  driven 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


13.7  A  NOTE  ON  BIOADHESIVE  APPROACHES  FOR  ENHANCED  OCULAR  DELIVERY  OF  DRUG 


503 


the  development  of  novel  therapeutic  approaches.  Extensive  efforts  have  also  been  made 
to  explore  the  applicability  of  gene-specific  therapy  in  the  eye,  including  the  treatment  of 
photoreceptor  dystrophies  caused  by  mutations  in  large  genes,  the  treatment  of  autosomal 
dominant  retinal  diseases,  and  the  delivery  of  transgene  to  a  large  retinal  surface  by  intra- 
vitreal  injection  (Petit  et  al.,  2016). 


13*7  A  NOTE  ON  BIOADHESIVE  APPROACHES  FOR 
ENHANCED  OCULAR  DELIVERY  OF  DRUG 


The  bioadhesive  ability  of  some  polymers  is  used  to  stick  to  the  mucin  coat,  thus  cover¬ 
ing  the  corneal  and  conjunctival  surface  of  the  eye.  This  approach  is  used  to  prolong  the 
residence  time  of  the  active  moiety  in  the  conjunctival  sac,  forming  the  basis  for  ocular 
mucoadhesion.  Thus,  its  help  in  improving  the  corneal  drug  retention  to  the  improvement 
of  drug  BA.  Bioadhesive  approaches  for  the  ocular  drug  have  shown  potential  approaches 
to  enhance  BA,  retention,  and  therapeutic  efficacy  of  the  drug.  The  various  approaches 
used  are  as  follows. 


13*7*1  Albumin 

The  pilocarpine  bearing  albumin  particles  could  be  used  for  the  controlled  delivery  of 
drugs  to  the  eye.  The  different  bioadhesive  used  in  the  formulations  were  mucin,  sodium 
carboxymethylcellulose,  hyaluronic  acid,  and  polyacrylic  acid  (Zimmer  et  al.,  1995). 
Similarly,  albumin  microspheres  were  prepared  by  spray-drying  technique  for  the  delivery 
of  piroxicam  and  characterized  both  in  vitro  and  in  vivo.  The  albumin-piroxicam  micro¬ 
spheres,  designed  for  ocular  administration,  were  prepared  by  a  spray-drying  technique. 
The  results  show  that  microspheres  show  a  higher  BA  as  compared  with  eye  drops.  The 
albumin  microspheres  are  interestingly  helpful  in  the  enhancing  the  BA  of  the  drug  piroxi¬ 
cam  as  shown  by  Giunchedi  et  al.  Their  research  deals  with  the  development  of  piroxicam 
bearing  albumin  microspheres  and  in  vitro  and  in  vivo  evaluation.  The  enhanced  BA  of 
the  drug  piroxicam  in  microspheres  compared  with  piroxicam  eyedrops  is  due  to  enhanc¬ 
ing  dissolution  as  compared  with  piroxicam  powder,  which  was  performed  on  pH  7-0 
USP23  buffer  (Giunchedi  et  al.,  2000). 

Recently,  bovine  serum  albumin  (BSA)  nanoparticles  of  acyclovir  were  prepared  for 
ocular  drug  delivery  and  to  evaluate  in  vitro  transcorneal  permeation  in  the  human  cor¬ 
neal  epithelial  (HCE-T)  cell  multilayers.  The  prepared  nanoparticles  were  found  to  be  safe 
and  do  not  show  any  cytotoxic  effect  on  HCE-T  cells  and  show  a  higher  permeation  rate 
than  the  plain  aqueous  solution  of  acyclovir.  Thus,  these  nanoparticles  possess  the  higher 
potential  for  drug  delivery  to  the  eye  (Suwannoi  et  al.,  2017). 


13*7*2  Alginate  Based  Polymers 

Mucoadhesive  based  nanocarrier  delivery  systems  for  the  active  moiety  are  a  hopeful 
approach  toward  the  treatment  of  a  variety  of  ocular  disorders  due  to  their  ability  to 
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overcome  the  major  drawbacks  of  conventional  topical  delivery  systems,  such  as  rapid 
loss  through  the  drainage  via  the  nasolacrimal  duct.  The  most  widely  used  natural  biode¬ 
gradable  and  bioadhesive  polymers  in  the  preparation  of  ophthalmic  formulations  include 
chitosan  and  sodium  alginate.  Sodium  alginate  is  the  sodium  salt  of  alginic  acid  and  is  a 
natural  hydrophilic  polysaccharide.  They  form  3-dimensional  ionotropic  hydrogel  matri¬ 
ces.  For  the  preparation  of  nanoparticles  for  sustained  ophthalmic  delivery,  sodium  algi¬ 
nate  is  considered  to  be  an  excellent  polymer.  Ibrahim  et  al.  developed  and  evaluated  the 
brimonidine  bearing  nanoparticles  of  chitosan  and  alginate  in  the  treatment  of  glaucoma. 
They  developed  the  anionic  alginate  nanoparticles  and  cationic  chitosan  nanoparticles  as  a 
sustained  release  system  of  brimonidine  given  once  daily  for  treatment  of  glaucoma.  The 
possible  cytotoxicity  of  the  different  formulations  was  performed  by  an  MTT  assay  on 
HEK293  cells.  The  cumulative  percentage  drug  release  of  brimonidine  after  24  h  was  calcu¬ 
lated  for  the  prepared  formulations  in  eye  drops,  gel,  and  in  situ  gelling  system.  The 
release  is  found  to  be  more  for  eye  drops  as  compared  with  the  in  situ  and  gel  system  as 
shown  in  the  figure  (Ibrahim  et  al.,  2015). 

Similarly,  a  sodium  alginate  based  mucoadhesive  system  for  the  delivery  of  gatifloxacin 
was  developed  and  its  in  vitro  antibacterial  potential  was  evaluated  on  pathogenic  micro¬ 
organisms  Escherichia  coli  and  S.  aureus  by  the  addition  of  sodium  CMC  due  to  its  better 
mucoadhesive  property.  The  sodium  alginate  and  sodium  CMC  in  a  combination  could 
show  potential  for  ocular  administration  as  a  mucoadhesive  system  by  prolonging  the  con¬ 
tact  time  (Kesavan  et  al.,  2010). 

Nagarwal  and  coworkers  developed  the  chitosan  (CH)-coated  sodium  alginate-chitosan 
(SA-CH)  nanoparticles  (CH-SA-CH  NPs)  following  the  cation  induced  gelation  methodology 
for  ophthalmic  delivery  of  5-FU.  The  alginate  shell  was  solidified  by  cross-linking  it  with  CH 
that  occurred  spontaneously  following  the  electrostatic  interactions  between  the  negatively 
charged  carboxylate  groups  on  alginate  and  the  protonated  -NH2  groups  on  CH.  The  devel¬ 
oped  formulations  showed  the  particle  size  between  329  and  505  nm.  The  SEM  image  of  SA- 
CH  NPs  and  SA-CH-FU  confirmed  them  to  be  bearing  irregularly  smooth  and  rough  surface, 
respectively.  Further,  the  size  of  the  NPs  increased  following  the  coating  of  CH  on  SA-CH 
NPs  (Fig.  13.12A-C).  The  in  vitro  release  in  phosphate  buffer  solution  (pH  7.4).  The  CH 
coated  SA-CH-FU  elicited  a  higher  burst  release  as  compared  to  uncoated  SA-CH-FU,  but 
the  drug  release  was  significantly  sustained  in  comparison  to  the  plain  drug  solution.  The 
results  indicated  that  the  release  of  drug  from  NPs  followed  the  Higuchi  model  as  indicated 
by  higher  r2  values  (0.97-0.98)  (Fig.  13.12D).  Interestingly,  the  enhanced  mucoadhesive 
property  of  CH-SA-CH-FU  resulted  in  higher  bioavailability  as  compared  to  the  uncoated 
nanoparticles.  The  selected  formulations  were  found  biocompatible  and  safe  when  studied  by 
the  modified  Draize  test  in  rabbit  eye  model.  The  in  vivo  study  in  rabbit  eye  showed  a  signifi¬ 
cantly  greater  level  of  5-FU  in  aqueous  humor  compared  to  the  plain  solution  of  5-FU.  A  high 
level  of  5-FU  was  maintained  because  of  the  sustained  release  of  drug  from  SA-CH-FU  and 
CH-SA-CH.  The  AUC0_8  of  the  5-FU  solution,  SA-CH,  and  CH-SA-CH-FU  was  23.8,  89.1, 
and  138.3  pgmU1  h,  respectively,  which  is  a  significant  enhancement  (P  <  .01)  for  CH-SA- 
CH-FU  compared  to  the  5-FU  solution.  In  case  of  CH-SA-CH-FU  a  higher  Cmax  (24.6  pg/mL) 
was  attained  in  contrast  to  the  plain  5-FU  solution  (6.1  |Yg/mL)  and  uncoated  SA-CH-FU 
(15.67  |Yg/mL).  SA-CH-FU  and  CH-SA-CH-FU  showed  low  concentration  of  5-FU  in  vitreous 
humor  (Fig.  13.12E)  which  may  be  due  to  the  high  bioavailability  of  5-FU  concentration  in 
aqueous  humor  that  may  have  further  permeated  to  the  internal  segment  of  the  ocular 
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FIGURE  13.12  SEM  images  (A)  blank  SA-CH,  (B)  SA-CH-FU,  and  (C)  CH-SA-CH-FU,  (D)  in  vitro  drug 
release  profile,  (E)  comparative  5-FU  level  in  aqueous  humor  and  vitreous  humor  of  rabbit  eye,  and  (F)  pharma¬ 
cokinetics  parameter  of  5-FU  in  aqueous  humor  after  topical  instillation  of  formulations  in  rabbit  eye.  Source: 
Adapted  from  Nagarwal,  R.C.,  Kumar ,  R.,  Pandit ,  f.K. ,  2012.  Chitosan  coated  sodium  alginate-chitosan  nanoparticles  loaded 
with  5-FU  for  ocular  delivery:  In  vitro  characterization  and  in  vivo  study  in  rabbit  eye.  Eur.  J.  Pharm.  Sci.,  47 ,  678—685. 

compartment  (Fig.  13.12F).  This  study  encourages  the  development  of  this  formulation  as  an 
eye  drop  formulation  of  a  drug  to  minimize  the  applied  dose  and  dosing  frequency  in  con¬ 
trast  with  the  conventionally  administered  drugs. 


13*73  Chitosan 

The  chitosan  contains  the  positive  charge  due  to  amino  groups.  So,  these  can  interact 
with  the  negative  charge  of  sialic  acid  residues  of  mucin.  This  interaction  leads  to 
enhanced  corneal  contact  time  of  the  drug.  Chitosan  is  used  for  the  controlled  drug  deliv¬ 
ery  to  the  eye  and  is  biocompatible,  biodegradable,  nontoxic,  and  mucoadhesive  in  nature. 
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FIGURE  13.13  Histopathology  microscopy  of  the  conjunctiva  (A)  and  (B)  cornea  after  treated  with  different 
formulations  for  7  days.  (1)  TM  eye  drops,  (2)  TM  liposomes,  (3)  TM  CH-coating  liposomes,  (4)  reference.  Source: 
Adapted  from  Tan,  G.,  Yu,  S .,  Pan,  H.,  Li,  ].,  Liu,  D.,  Yuan,  K.,  et  al,  2017.  Bioadhesive  chitosan-loaded  liposomes:  a  more 
efficient  and  higher  permeable  ocular  delivery  platform  for  timolol  maleate.  Int.  J.  Biol.  Macromol,  94,  355—363. 


Its  mucoadhesive  property  is  responsible  for  increasing  the  residence  time  in  the  precor¬ 
neal  area  of  the  formulated  drug  delivery  system.  This  leads  to  an  increase  in  drug  pene¬ 
tration  and  reducing  the  frequency  of  dose  administration.  The  increase  in  contact  time  of 
drugs  in  the  cornea  improves  topical  absorption  thus  avoiding  invasive  treatments  (Silva 
et  al.,  2015).  Mucoadhesive  polymers  in  the  form  of  nanoparticles  cause  enhancement  in 
the  residence  time  and  BA  of  the  drug  in  the  ocular  surface.  The  increase  in  viscosity  leads 
to  adhering  to  the  eye  and  decreasing  the  drug  drainage  rate  (Silva  et  al.,  2017). 

Tan  et  al.  developed  a  novel  liposomal  colloidal  system  of  chitosan  bearing  timolol 
maleate  (TM-CHL).  This  system  shows  improved  BA,  ocular  permeation,  and  precorneal 
residence  time.  The  developed  system  is  safe  to  be  used  for  ocular  administration  as 
proved  by  ocular  irritation  test.  The  system  is  found  to  be  biodegradable  and  biocompati¬ 
ble.  The  histological  images  (Fig.  13.13)  for  the  timolol  eye  drops,  timolol  liposomes,  timo¬ 
lol  chitosan-coated  liposomes,  and  reference  are  shown  for  the  conjunctiva  (A)  and  corneal 
epithelial  cells  (B).  The  application  of  timolol  eye  drops  shows  the  presence  of  inflamma¬ 
tory  cells  in  both  conjunctiva  and  corneal  epithelial  cells.  However,  the  administration  of 
TM-CHL  group  was  found  to  be  safe  and  revealed  no  significant  toxicity  when  compared 
with  the  reference  group,  thus  suggesting  excellent  ocular  tolerance  of  the  preparation  is 
safe  for  treatment  of  various  ocular  abnormalities  (Tan  et  al.,  2017). 


13*7*4  Acrylate  Polymers 

Polyacrylic  acid  is  considered  to  be  a  first  mucoadhesive  polymer  and  the  protonated 
form  at  an  acidic  pH  is  responsible  for  mucoadhesion.  It  is  used  as  artificial  tears  to  treat 
dry  eye  syndrome.  Polyacrylic  acid  forms  the  hydrogen  bond  between  its  — COOH  groups 
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and  sialic  — COOH  groups  of  the  mucin  glycoprotein.  This  bond  formation  leads  to  an 
increase  in  the  viscosity.  Thus,  these  acrylic  compounds  can  also  be  used  as  hydrogels  to 
treat  ocular  irritations  (Wagh  et  al.,  2008).  A  controlled  release  of  the  drug  can  be  achieved 
when  administered  through  thiolated  poly(acrylic  acid)  based  inserts,  which  are  not  solu¬ 
ble  and  possesses  excellent  cohesive  properties.  The  in  vivo  study  showed  that  thiolated 
poly(acrylic  acid)  based  inserts  provide  a  fluorescein  concentration  for  more  than  8  h  com¬ 
pared  with  the  aqueous  eye  drops  or  inserts  based  on  unmodified  poly  (aery  lie  acid).  Thus, 
it  suggests  that  thiolated  poly(acrylic  acid)  could  be  used  as  promising  solid  devices  for 
ocular  drug  delivery  (Hornof  et  al.,  2003). 

Cao  et  al.  developed  a  poloxamer/carbopol-based  in  situ  gelling  system  of  azithromycin 
as  a  novel  method  for  ophthalmic  delivery  using  poloxamer  and  carbopol.  Poloxamer  is 
hydrophilic,  nonionic  triblock  copolymers  of  polyoxyethylene  and  polyoxypropylene. 
Carbopol  is  a  hydrophilic  polymer  of  acrylic  acid  cross-linked  with  polyalkenyl  ethers  or 
divinyl  glycol.  Poloxamer  407  and  poloxamer  188  used  as  gelling  agents  and  Carbopol 
974P  used  to  increase  the  solubility  of  azithromycin  were  also  added  to  the  gelling  sys¬ 
tems.  Carbopol  974P  also  increases  the  mucoadhesive  property  of  the  gelling  systems.  The 
developed  formulation  shows  a  24  h  sustained  release  of  azithromycin.  In  vivo  study 
reveals  an  increase  in  AUC0_i2  of  azithromycin  in  rabbit  tears  by  1.78-fold  for  in  situ  gel 
as  compared  with  eye  drops.  At  12  h,  tear  concentrations  increase  minimum  inhibitory 
concentration  breakpoint  for  most  common  causative  pathogens  of  bacterial  conjunctivitis 
by  2.8-fold.  Thus,  these  data  indicate  that  formulated  droppable  gel  is  better  for  ocular 
delivery  of  azithromycin  than  eye  drops  (Cao  et  al.,  2010). 


13*7*5  Poly  (Ethylene  Oxide) 

Poly(ethylene  oxide)  is  a  nonionic,  hydrophilic,  and  synthetic  mucoadhesive  polymer.  It 
is  used  for  various  purposes  including  water-soluble  films,  mucoadhesives,  rheology  con¬ 
trol  agents  and  thickeners,  and  additives  in  pharmaceutical  products.  For  ocular  delivery 
of  the  drug,  poly(ethylene  oxide)  has  been  found  to  be  useful  by  increasing  the  viscosity 
of  developed  formulations.  High  molecular  weight  linear  poly  (ethylene  oxide)  (400  kDa)  is 
used  for  the  gel-forming  erodible  inserts  of  ofloxacin  for  the  ocular  controlled  delivery 
and  was  evaluated  in  vitro  and  in  vivo.  The  developed  system  leads  to  increase  bioavail¬ 
ability  due  to  mucoadhesion  or  increased  tear-fluid  viscosity  (Dhawan  et  al.,  2005).  Liaw 
et  al.  developed  the  polymeric  micelles  of  poly(ethylene  oxide)-b  poly(propylene  oxide)-b- 
poly(ethylene  oxide)  (PEO-PPO-PEO)  through  eye  drops  and  in  vivo  studies  on  delivery 
of  the  gene.  The  prepared  polymeric  micelles  show  the  enhanced  movement  through  the 
tight  junction  pathway  by  endocytosis  in  tissues  through  topical  delivery  in  mice  and  rab¬ 
bits.  Hence,  these  in  vivo  experiments  reveal  the  probable  potential  applications  of  block 
copolymers  for  gene  delivery  (Liaw  et  al.,  2001). 


13*7*6  Particulate  Vesicular  Bioadhesives  in  Ophthalmic  Drug  Delivery 

Liposomes  are  the  particulate  vesicular  system  of  nanosize  range  and  have  the  ability  to 
improve  the  BA  of  the  formulations  applied  topically.  It  is  the  representation  of 
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nanotechnology  invention  that  has  been  transferred  from  the  laboratory  to  the  clinical  level 
(Doxil).  Cationic  liposomes  enhance  the  corneal  retention  time  for  the  incorporated  drug  due 
to  its  interaction  with  the  negatively  charged  surface  of  the  epithelial  membrane.  Their  bind¬ 
ing  thus  enhances  the  drug  absorption  and  residence  time.  Furthermore,  the  liposomes  can  be 
coated  with  the  certain  bioadhesive  polymers  such  as  chitosan,  polyacrylic  acid,  hyaluronic 
acid,  etc.,  which  can  also  help  in  increasing  the  bioretention  of  liposomes  at  the  corneal  site. 
The  pilocarpine  bearing  liposomes  were  prepared  and  the  effect  of  carbopol  on  the  BA  of  the 
drug  was  studied,  which  shows  the  prolonged  and  sustained  release  of  the  drug  as  compared 
with  plain  drug  solution  and  noncoated  liposomal  preparations  (Pathak  et  al.,  2016). 

In  the  particulate  system,  nanoparticles  are  used  to  overcome  the  limitations  related  to 
the  ophthalmic  delivery  of  molecules  and  overcome  the  barriers.  They  enhance  the  drug 
penetration  and  prolong  the  drug  concentration  in  lower  doses  with  reduced  or  no  toxicity 
in  contrast  to  the  conventional  eye  drops.  Nanoparticles  of  two  bioadhesive  polysacchar¬ 
ides,  that  is,  hyaluronic  acid  and  chitosan  are  used  for  the  delivery  of  plasmid  DNA  to  the 
cornea  and  conjunctiva  (Tiyaboonchai,  2013).  Chitosan  nanoparticles  of  brimonidine  tar¬ 
trate  were  formulated  by  the  ionic  gelation  inducing  method  by  the  addition  of  sodium  tri¬ 
polyphosphate  for  the  treatment  of  glaucoma.  The  so-formed  delivery  system  would  show 
the  sustained  drug  release  and  help  to  reduce  dosage  frequency  (Singh  and  Shinde,  2011). 


13*7*7  Polycaprolactone 

Poly-epsilon-caprolactone  (PCL)  is  biodegradable,  biocompatible,  and  has  a  long  degra¬ 
dation  time.  PCL  is  synthetic  aliphatic  polyester  that  has  been  extensively  used  in  recent 
years,  especially  for  the  controlled  release  of  drug  from  delivery  systems.  PCL  biodegrad¬ 
able  nanospheres  were  prepared  that  were  further  coated  with  a  bioadhesive  polymer, 
hyaluronic  acid.  The  prepared  formulation  will  combine  the  ophthalmic  prolonged  action 
along  with  the  ease  of  application  (Barbault-Foucher  et  al.,  2002).  The  long-term  safety  pro¬ 
file  of  the  polymer  was  studied  by  preparing  an  intravitreous  implant  of  dexamethasone, 
which  was  inserted  into  the  vitreous  of  pigmented  rabbits.  The  results  of  the  study  show- 
controlled  and  prolonged  delivery  of  dexamethasone  in  rabbit's  eyes  for  at  least  55  weeks 
within  the  therapeutic  range  (Silva-Cunha  et  al.,  2009). 

Shi  et  al.  developed  the  chitosan  grafted  nanosuspension  of  methoxy  PEG-PCL  nano¬ 
suspension  of  diclofenac  for  ocular  delivery.  In  vitro  cytotoxicity  test  for  nanosuspension 
was  performed  on  the  human  lens  epithelial  cells  (HLEC),  human  corneal  epithelial  cells 
(HCEC),  and  L-929  cells.  The  formulated  nanosuspension  is  safe  to  be  used  and  measured 
to  be  a  nontoxic  nanocarrier  for  ocular  delivery  of  drugs.  In  vitro  corneal  penetration  test 
was  performed  and  compared  with  the  commercial  eye  drops  of  diclofenac.  The  main 
mechanism  found  for  the  penetration  is  passive  diffusion  through  the  cornea,  and  penetra¬ 
tion  rate  for  the  nanosuspension  was  about  1.4  times  higher  as  compared  with  the  com¬ 
mercial  diclofenac  eye  drops.  This  enhanced  penetration  of  the  drug  particles  is  due  to 
their  size,  which  is  about  100  nm  in  diameter.  Also,  the  weak  positive  charge  on  nanosus¬ 
pension  (about  8  mV)  may  show  the  interaction  with  negatively  charged  mucin  on  the  cor¬ 
neal  surface,  resulting  in  further  improvement  of  corneal  retention  of  diclofenac  compared 
with  commercial  eye  drops  (Shi  et  al.,  2015). 
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13*7*8  Polylactic  Glycolic  Acid  (PLGA)  Based  Ocular  Delivery  Systems 

PLGA  is  a  biodegradable  aliphatic  polyester-based  polymer  that  comprises  a  synthetic 
copolymer  of  lactic  acid  (a-hydroxy  propanoic  acid)  and  glycolic  acid  (hydroxy  acetic 
acid).  PLGA  has  been  used  extensively  for  the  drug  delivery  due  to  its  biodegradable  and 
biocompatible  nature  and  different  drug  delivery  systems  have  been  prepared  including 
ophthalmic  delivery.  PLGA  finds  a  variety  of  applications  to  be  used  as  carriers  for  the 
delivery  of  bioactive  molecules  (Dwivedi  et  al.,  2013).  It  is  approved  by  the  FDA  and 
found  to  be  both  biodegradable  and  biocompatible  for  specific  human  clinical  applications. 
The  drug  release  rate  is  controlled  by  the  structure  and  the  solubility  of  drug  molecules. 

Chang  et  al.  developed  the  microspheres  of  PLGA  to  evaluate  biodegradable  and  bio¬ 
compatible  drug  delivery  system  for  the  ocular  delivery  of  the  bioactive  molecules  such  as 
fluorescein-labeled  albumin  and  doxycycline.  Both  were  individually  encapsulated  into 
PLGA  microspheres.  The  safety  and  inflammatory  response  of  the  system  was  evaluated 
by  the  subconjunctival  injections  of  the  microspheres  in  the  murine  model.  The  drug  deliv¬ 
ery  system  efficacy  was  evaluated  by  a  single  subconjunctival  injection  of  PLGA- 
doxycy cline  prior  to  induction  of  desiccating  stress  model  in  C57BL/6  mice  for  5  days. 
The  system  released  drugs  continuously  over  a  controlled  periods  of  time  for  at  least  2 
weeks.  In  vivo  testing  depicts  the  efficacy  of  preventing  desiccating  stress  induced  corneal 
barrier  disruption.  Subjects  were  euthanized  and  the  eyes  were  sectioned.  The  laser  confo- 
cal  microscopy  was  used  for  taking  photographed  showing  that  injection  causes  the  locali¬ 
zation  of  the  active  molecule  into  the  subconjunctival  and  sub-Tenon  space.  The  system 
was  found  to  be  safe  with  no  significant  inflammation  in  2  weeks  postinjection 
(Fig.  13.14A)  (Chang  et  al.,  2011). 

Similarly,  PLGA  could  be  utilized  for  the  treatment  of  various  ocular  disorders  of 
the  posterior  segment  of  the  eye  related  to  the  retina,  including  AMD,  DME,  and 
RVO,  which  require  chronic  therapy  to  prevent  blindness.  Tahara  et  al  studied  the 
drug  delivery  to  the  posterior  segment  of  the  eye  by  topical  instillation  of  submicron¬ 
sized  PLGA  nanoparticles.  To  improve  the  efficiency  of  drug  delivery  to  the  retina, 
PLGA  nanoparticles  were  surface  modified  with  chitosan,  glycol  chitosan,  and  poly- 
sorbate  80  and  instilled  as  topical  eye  drops  to  mice  using  Coumarin-6  as  a  model 
drug  and  fluorescent  marker.  The  images  predict  several  possible  routes  for  the  deliv¬ 
ery  of  the  drug  to  the  retina  along  with  fates  of  PLGA  nanoparticles  in  ocular  tissue. 
The  pathways  involved  are  the  corneal,  noncorneal,  or  uveal  routes.  The  fluorescence 
intensity  of  Coumarin-6  was  recorded  throughout  the  eyeball,  in  the  anterior  segment, 
including  the  cornea  and  conjunctiva,  lens,  iris/ciliary  body,  and  retina  (Tahara  et  al., 
2017).  Abrego  et  al.,  studied  the  anti-inflammatory  efficacy  of  different  PLGA  naopar- 
tilces  formulations  bearing  pranoprofen.  The  anti-inflammatory  efficiency  for  the  com¬ 
mercial  eye  drops  and  free  drug  found  to  be  lower  than  the  different  nano¬ 
formulations  of  PLGA  (HG_PF-NP  formulation  with  or  with  azone)  as  shown  in 
Fig.  13.15.  The  hydrogel  formulations  bearing  nanoparticle  with  Azone  (HGJPF- 
FlNPs- Azone  and  HG_PF-F2NPs- Azone  formulations)  considerably  decreases  the  ocu¬ 
lar  edema  as  compared  to  formulation  without  Azone  (HG_PF-F1NP  and  HGJPF- 
F2NP).  This  is  because  Azone  increases  the  anti-inflammatory  efficacy  of  pranoprofen 
(Fig.  13.15)  (Abrego  et  al.,  2015). 
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FIGURE  13.14  (A)  Representative  image  of  subconjunctival  injections  of  fluorescent  PLGA  microparticles  2 

weeks  postinjection.  Note  dispersion  of  particles  along  the  subconjunctival  space.  (B)  Representative  digital 
images  of  corneas  used  to  score  Oregon  Green  Dextran-488  (OGD)  permeability  in  nonstressed  control  mice  (NS) 
and  mice  subjected  to  desiccating  for  5  days  (DS5)  and  DS5  treated  with  either  Sham-PLGA  (DS5  +  Sham  PLGA) 
or  Doxycycline-PLGA  (DS5  +  Doxycycline-PLGA).  Sham-PLGA  microparticles  treatment  demonstrates  similar 
results  to  nonstressed  controls,  while  doxycycline-loaded  PLGA  microparticles  demonstrate  efficacy  in  mitigating 
desiccating  stress.  (C)  OGD  corneal  staining  score  of  mice  before  (NS)  and  after  5  days  of  desiccating  stress  (DS5) 
and  DS5  treated  with  either  Sham-PLGA  (DS5  +  S-PLGA)  or  Doxycycline-PLGA  (DS5  +  D-PLGA).  *P  <.05  versus 
DS5  +  S-PLGA.  Source:  Adapted  from  Chang,  E.,  McClellan,  A.J.,  Farley,  W.J.,  Li,  D.Q.,  Pflugfelder,  S.C.,  De  Paiva,  C.S., 
2011.  Biodegradable  PLGA-based  drug  delivery  systems  for  modulating  ocular  surface  disease  under  experimental  murine 
dry  eye.  J.  Clin.  Exp.  Ophthalmol.,  2(11),  191. 


13-8  BARRIERS  TO  TRANSSCLERAL  DRUG  DELIVERY 

TO  THE  RETINA 


Topical  or  periocular  administration  of  the  drug  for  rational  disease  treatment  is  limited 
by  low  drug  concentration  at  the  retinal  site  and  side  effects  to  the  healthy  tissues.  Due  to 
lack  of  safety  and  efficacy  of  the  systemic  and  topical  administrations,  local  drug  delivery 
to  the  retina  has  emerged  as  an  alternative  (Shah  et  al.,  2010).  The  presence  of  barriers  (i.e., 
static  barriers,  dynamic  barriers  and  metabolic  barriers),  unique  ocular  anatomy  and  phys¬ 
iology  makes  it  a  challenging  task  for  drug  delivery  scientists  (Lalu  et  al.,  2017;  Gaudana 
et  al.,  2010).  The  path  of  movement  of  the  drug  for  topically  applied  ocular  dosage  forms 
is  shown  in  Fig.  13.16. 
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FIGURE  13.15  Anti¬ 

inflammatory  activity  of  PF 
from  the  HG_PF-FlNPs, 
HG_PF-F2NPs,  HG_PF-F1  NPs- 
Azone,  HG_PF-F2NPs-Azone 
formulations,  commercial  eye 
drops  and  free  drug  solution. 
Mean  ±  SD.  n  =  6.  (PF,  pra- 
noprofen;  NPs,  Nanparticles; 
HG-  Hydrogels,  PF-FINPs  and 
PF-F2NPs,  optimize  pranopro- 
fen  nanoparticles;  HG_PF- 
FlNPs  and  HG_PF-F2NPs, 
nanoparticles  incorporated  into 
hydrogel  with  and  without 
azone).  Source:  Adapted  with  per¬ 
mission  from  Abrego ,  G.,  Alvarado , 
H.,  Souto,  E.B.,  Guevara ,  B., 
Bellowa,  L.H. ,  Parra ,  A,  et  ah, 
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profen-loaded  PLGA  nanoparticles 
containing  hydrogels  for  ocular 
administration.  Eur.  J.  Pharm. 
Biopharm.,  95,  2015,  261—270. 


Ocular  Inflammation  Score 


The  static  barriers  include  the  different  corneal  layers,  sclera,  and  retina.  Retina  includes 
two  types  of  barriers,  that  is,  blood— aqueous  and  blood— retinal  barriers.  The  dynamic 
barriers  include  choroidal  and  conjunctival  blood  flow,  tear  dilution  and  lymphatic  clear¬ 
ance.  The  metabolic  barriers  include  cytochrome  P-450  and  lysosomal  enzymes.  Along 
with  these  barriers,  efflux  pumps  are  also  striking  a  significant  challenge  for  the  delivery 
of  the  drug  to  the  eye  (Gaudana  et  al.,  2010).  The  drug  permeates  into  the  vitreous  through 
via  (1)  anterior  chamber,  (2)  systemic  circulation,  or  (3)  direct  penetration  pathway  the 
underlying  tissues.  In  the  anterior  eye,  the  drug  may  diffuse  through  the  ciliary  body  into 
the  posterior  chamber  and  vitreous.  In  the  posterior  eye,  the  drug  has  to  permeate  across 
the  choroid,  RPE,  and  neural  retina  to  reach  the  vitreous  (Orkin  et  al.,  2014).  The  different 
types  of  barriers  in  ophthalmic  drug  delivery  are  shown  in  Fig.  13.17. 

The  cornea:  It  is  a  mechanical  barrier  and  thus  restricts  the  entry  of  any  exogenous 
molecules  into  the  eye  and  protects  the  ocular  tissues.  The  three  parts  present  in  the 
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FIGURE  13.16  Path  of  movement  of  the  drug  for  topically  applied  ocular  dosage  forms. 


FIGURE  13.17  Different  types 
Retinal  surface  of  barriers. 
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cornea  are  epithelium,  stroma,  and  endothelium.  The  epithelium  layer  of  the  cornea  is 
made  up  of  lipid,  and  restricts  the  entry  of  topically  administered  hydrophilic  drugs,  act¬ 
ing  as  a  rate  limiting  factor  for  the  drug  administration  to  the  eye.  Each  layer  offers  a  dif¬ 
ferent  polarity.  The  two  layers  of  cornea,  that  is,  epithelium  and  stroma,  are  considered  as 
chief  barriers  for  ophthalmic  drug  delivery  (Gaudana  et  al.,  2010). 

The  sclera:  The  main  composition  of  the  sclera  is  proteoglycans  and  collagen  fibers 
present  in  the  extracellular  matrix.  The  permeability  of  the  compound  through  the  sclera 
is  analogous  to  the  permeability  through  the  corneal  stroma.  The  molecular  radius  of  the 
compound  in  recent  reports  indicates  that  the  permeability  of  drug  molecules  across  the 
sclera  varies  inversely  to  the  molecular  radius.  For  example,  the  linear  structure  of  dex- 
trans  shows  less  permeability  than  globular  proteins  (Wen  et  al.,  2013).  Moreover,  the 
charge  is  also  playing  a  crucial  role  in  the  drug  permeability  through  the  sclera.  Positively 
charged  drug  moiety  or  molecules  show  their  binding  with  the  proteoglycan,  which  is  a 
negatively  charged  molecule,  thus  causing  the  hindrance  to  its  permeability. 

Retina:  Two  types  of  barriers  in  the  retina  are  the  blood— aqueous  barrier  in  anterior  seg¬ 
ment  and  blood— retinal  barrier  in  the  posterior  segment.  The  blood— aqueous  barrier  is 
made  up  of  two  discrete  cell  layers,  that  is,  the  iris /ciliary  blood  vessels  endothelium  and 
the  nonpigmented  ciliary  epithelium.  Both  of  these  layers  constitute  the  tight  and  firm  junc¬ 
tional  complexes,  restricting  the  entry  of  molecules  into  the  intraocular  surroundings  (aque¬ 
ous  humor).  The  second  retinal  barrier,  that  is,  the  blood— retinal  barrier,  is  made  up  of  a 
pair  of  retina  cells,  that  is,  retinal  capillary  endothelial  cells  forming  the  inner  blood— retinal 
barrier  and  retinal  pigment  epithelium  cells  forming  the  outer  blood— retinal  barrier 
(Campbell  and  Humphries,  2012). 

Choroidal  and  conjunctival  blood  flow:  The  blood  capillaries  and  lymphatic  capillaries  of  con¬ 
junctiva  made  the  absorption  of  drug  nonproductive  and  are  responsible  for  the  drug  loss  into 
the  systemic  circulation,  leading  to  a  decrease  in  ocular  BA.  It  also  reduces  the  passive  move¬ 
ment  of  hydrophilic  molecules.  Uptake  by  the  rapid  choroid  blood  flow  leading  to  hurried 
uptake  of  the  drugs  is  accountable  for  the  inhibition  of  transport  of  drug  to  the  retina.  This 
decrease  or  inhibition  is  due  to  the  elimination  of  transscleral  delivery  (Edelhauser  et  al.,  2010). 

Tear  dilution:  The  clearance  of  the  drug  is  a  crucial  mechanism  of  drug  clearance 
through  the  ocular  surface.  The  retention  time  for  the  topical  drop  solutions  is  5  min  in  the 
ocular  surface  before  being  washed  away  by  the  tears  produced  from  the  lacrimal  gland 
into  the  nasolacrimal  duct.  This  washing  and  clearance  of  these  active  moieties  are  respon¬ 
sible  for  the  short  duration  of  action  when  applied  topically.  This  leads  to  a  decrease  in 
the  amount  of  blood  in  the  intravitreal  and  intraretinal  region  (Edelhauser  et  al.,  2010). 

Lymphatic  clearance:  Lymphatic  clearance  along  with  elimination  by  aqueous  humor  out¬ 
flow  is  also  responsible  for  the  variations  and  differences  observed  in  in  vivo  studies  of 
the  different  active  moieties  (Molokhia  et  al.,  2008). 

Cytochrome  P-450  and  lysosomal  enzymes:  They  form  the  metabolic  barriers  as  they  pos¬ 
sess  the  ability  to  metabolize  the  drugs,  thus  limiting  the  quantity  of  drug  present  at  the 
absorption  site.  Cytochrome  P-450  enzymes  are  responsible  for  the  phase  I  drug  metabo¬ 
lism  therapeutics  while  the  lysosomal  enzymes  are  responsible  for  the  degradation  of 
macromolecules  (Thrimawithana  et  al.,  2011).  Metabolism  is  the  major  route  of  drug  elimi¬ 
nation  from  the  ocular  drug  disposition.  The  expression  of  CYP-450s  plays  the  main  role 
in  ocular  homeostasis  by  preventing  a  way  of  eliminating  xenobiotics  from  the  ocular 
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tissues.  Scientists  have  targeted  these  enzymes  in  drug  design  and  delivery  by  using  vari¬ 
ous  approaches  like  through  prodrug  derivatization.  The  prodrug  shows  biotransforma¬ 
tion  and  is  converted  to  the  parent  drug  with  the  help  of  ocular  enzymes  (Duvvuri  et  al., 
2004). 

Lysosomal  enzymes  are  distributed  widely  in  various  ocular  tissues.  The  particular  role  of 
lysosomal  enzymes  is  of  great  importance  in  the  pathogenic  processes  of  ocular  diseases  such 
as  storage  disease,  retinal  degeneration,  uveitis,  corneal  dystrophy,  retinal  detachment,  and 
glaucoma.  Metabolic  enzymatic  systems  have  the  ability  to  degrade  or  detoxify  drugs. 
Lysosomal  enzymes  (acid  hydrolases)  are  present  in  lysosomes  and  melanosomes.  It  can  be 
responsible  for  the  degradation  of  proteins,  nucleic  acids,  polysaccharides  and  low-molecular- 
weight  lipids  into  constituents  in  an  acidic  environment  (Srirangam  and  Majumdar,  2012). 

Organic  ion  transporters:  Polyspecific  organic  cation  transporters  (OCT)  regulate  the 
transport  of  a  wide  variety  of  drugs,  toxins,  and  endogenous  compounds.  In  ophthalmic 
terms,  these  transporters  are  present  in  various  ocular  tissues  like  the  cornea,  iris,  ciliary 
body,  conjunctiva,  and  retina  (Nirmal  et  al.,  2013).  Targeting  these  transporters  will  be  a 
smart  way  of  drug  delivery  aimed  at  optimal  ocular  BA.  Most  of  the  pharmacodynamic 
important  drugs  in  ophthalmic  drug  delivery  are  substrates  of  OCT,  thereby  their  BA  is 
altered  (Leeand  Pelis,  2016). 


13*9  FACTORS  AFFECTING  DESIGNING  OF  THE  FORMULATIONS 


Three  important  factors  have  to  be  considered  when  attempting  drug  delivery  to  the 
eye: 

1.  Presence  of  the  barriers 

2.  Localized  and  targeted  delivery  of  the  drug  to  minimize  drug  action  on  other  tissues 

3.  Prolonging  the  duration  of  drug  action  to  reduce  the  frequency  of  drug  administration 

The  cellular  structures  such  as  epithelium,  stroma,  and,  to  an  extent,  the  endothelium 
create  a  barrier  for  the  absorption  of  drugs  through  the  cornea.  The  epithelial  and  endothe¬ 
lial  cells  are  rich  in  lipids  and  favor  the  permeability  of  the  fat-soluble  substances. 
The  stroma  is  hydrophilic  in  nature,  which  is  why  it  is  permeable  to  water-soluble 
substances.  To  get  complete  absorption  of  the  drugs,  they  have  to  be  mixed  with  the  sub¬ 
stances  of  hydrophilic /hydrophobic  nature.  Both  the  epithelium  and  the  aqueous  tissues 
can  act  as  drug  reservoirs  (Washington  et  al.,  2000). 


13*9*1  Effect  of  Ionization  and  pH 

The  majority  of  drugs  are  available  in  ionizable  form,  but  to  pass  the  lipid  barriers  of 
the  epithelium  and  endothelium,  the  drugs  should  be  hydrophobic  in  nature  and  in  union¬ 
ized  form.  The  ionized  form  is  primarily  hydrophilic  in  nature  and  is  preferably  taken  by 
the  transstromal  route.  After  instillation  of  an  ophthalmic  formulation  first  the  drug 
should  be  mixed  with  the  tears  present  in  the  conjunctival  sac  and  with  the  precorneal 
tear  film.  At  this  place,  if  the  pH  of  the  formulation  is  not  compatible  then  irritation  and 
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excess  tear  flow  takes  place,  which  further  decreases  the  drug  contact  time  as  well  as 
absorption  of  the  drugs.  Although,  the  pH  of  eye  formulation  can  be  easily  managed  by 
the  proper  selection  delivery  vehicle  to  get  optimized  absorption  (Baranowski  et  al.,  2014). 
The  study  performed  by  the  Sharma  et  al.  shows  the  highest  transcorneal  penetration 
potential  of  the  fluoroquinolones  at  the  pH  7.0  as  compared  with  the  others  pH  like  4.5 
and  8.0  and  higher.  On  increasing  the  pH  from  4.5  to  8.0  at  both  lower  (0.025%)  and  higher 
(0.1%)  fluoroquinolones  concentrations  results  in  significant  fall  (P<.001)  in  the  transcor¬ 
neal  penetration  whereas  a  significant  increase  in  transcorneal  penetration  was  observed 
for  0.05%  concentration  at  pH  7.0.  The  transcorneal  penetration  significantly  decreases  on 
raising  the  pH  to  8.0  and  above  (Sharma  et  al.,  2013). 


13*9*2  Pigmentation  and  Drug  Effects 

Level  of  eye  pigmentation  also  affects  the  distribution  of  drugs  in  the  eye.  In  the  pig¬ 
mented  eyes,  the  therapeutic  effect  is  reduced  due  to  a  higher  amount  of  esterase  activity 
in  the  cornea  and  iris— ciliary  body.  The  activity  of  the  esterase  is  higher  in  the  iris— ciliary 
body.  The  order  of  activity  is  iris— ciliary  body  >  cornea  >  the  aqueous  humor  (Dartt 
et  al.,  2011).  Cheruvu  et  al.  determined  the  effect  of  pigmentation  of  an  eye  on  the  celecox- 
ib  delivery  by  the  transscleral  retinal  route  by  injecting  celecoxib  suspension  (3  mg/ rat) 
particularly.  The  experiments  were  performed  on  one  eye  of  Sprague  Dawley  albino  rats 
and  Brown  Norway  pigmented  rats.  The  delivery  of  celecoxib  was  found  to  be  lower  in 
pigmented  rats  as  compared  with  albino  rats.  This  may  be  due  to  considerable  binding  of 
lipophilic  celecoxib  drug  to  melanin  and  its  accumulation  or  retention  in  the  melanin-rich 
choroid-RPE  of  pigmented  rats.  Thus,  binding  of  celecoxib  to  melanin-rich  tissues  may 
obstruct  the  transscleral  delivery  of  celecoxib  across  the  pigmented  choroid  and  RPE  layers 
underlying  the  sclera  (Cheruvu  et  al.,  2008).  The  acidic  compounds  bound  (methotrexate, 
CDCF)  more  at  pH  5.0  than  at  pH  7.4,  but  all  basic  compounds  (chloroquine,  timolol) 
bound  to  melanin  at  both  pH  values. 


13*9*3  Drug  Distribution  in  the  Eye 

The  amount  of  drug  reaching  the  anterior  chamber  of  the  eye  depends  on  the  two  com¬ 
peting  processes,  that  is,  the  rate  of  drug  loss  from  the  precorneal  area  and  rate  of  drug 
uptake  by  the  cornea.  The  drug  penetrates  the  cornea  and  enters  into  the  aqueous  humor, 
ensuring  that  the  drug  will  be  distributed  to  all  internal  tissues  of  the  eye.  The  anterior 
chamber  is  in  contact  with  the  cornea,  iris,  ciliary  body,  lens,  and  vitreous  humor.  The 
drug  is  distributed  quickly  to  all  these  tissues  and  concentrations  mirror  those  of  the  aque¬ 
ous  humor.  At  the  deeper  site  of  the  intraocular  tissues,  the  concentration  is  reduced  by 
the  turnover  of  the  aqueous  humor  and  nonspecific  binding  (Washington  et  al.,  2000).  The 
various  other  factors  that  determine  the  rate  and  extent  of  drug  distribution  in  the  anterior 
segment  include  diffusion  and  permeability  in  the  aqueous  humor,  protein  binding,  and 
various  surrounding  ocular  tissue  components.  These  factors  are  subject  to  be  affected  by 
the  physicochemical  properties  of  a  drug  such  as  a  solubility,  lipophilicity,  and  molecular 
weight. 
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FIGURE  13.18  Drug  distribution  in  a  different  compartment  of  the  eye. 

13*9*4  Drug  Penetration  Through  the  Sclera  and  Conjunctiva 

The  sclera  could  be  an  important  penetration  route  for  those  drugs  that  have  low  corneal 
permeation.  Drugs  may  diffuse  across  the  sclera  either  through  the  perivascular  spaces  or 
through  the  aqueous  media  of  gel  (like  mucopolysaccharides  environment)  or  across  the 
scleral  collagen  fibrils.  Results  of  various  in  vitro  studies  (using  isolated  corneal  and  scleral 
membranes  of  the  rabbit)  have  shown  that  scleral  permeability  was  found  to  be  significantly 
higher  than  the  corneal  permeability  for  many  hydrophilic  compounds.  The  ratio  of  perme¬ 
ability  coefficient  was  reported  1.2— 5.7  for  some  blockers  and  4.6  for  inulin  of  sclera  to  the 
cornea  (Washington  et  al.,  2000).  It  was  suggested  that  diffusion  is  the  mechanism  followed 
for  the  drug  transportation  from  the  scleral  via  intercellular  aqueous  media,  as  in  the  case  of 
the  structurally  similar  corneal  stroma.  In  some  cases,  a  partitioning  mechanism  also  exists 
that  explains  the  substantially  higher  permeability  of  penbutolol  and  propranolol  compared 
with  the  other  compounds  of  similar  molecular  weight  (Wu  et  al.,  2017).  The  distribution  of 
drugs  in  a  different  compartment  of  the  eye  is  shown  in  Fig.  13.18. 


13*10  FACTORS  INFLUENCING  DRUG  RETENTION 
13*10*1  Protein  Binding 

Approximately  0.6%  —  2%  of  the  total  protein  is  available  in  tears.  The  proteins  that  are 
present  in  tears  are  albumin,  globulin,  and  lysozyme  (Versura  et  al.,  2013).  After  protein 
binding,  drugs  are  not  able  to  permeate  across  the  cornea  due  to  the  additional  bulk  of  the 
protein  molecule;  also  binding  of  drugs  to  protein  in  conjunctival  tissues  competes  for  the 
drug  presented  for  corneal  absorption.  For  example.  Flurbiprofen  shows  high  protein 
binding,  and  has  a  longer  elimination  half-life  in  aqueous  humor  in  contrast  to  various 
other  moderately  weakly  bounded  drugs.  When  drugs  are  administered  topically,  the  pro¬ 
cess  of  protein  binding  takes  place  first  in  the  tear  fluid  and  shows  a  rapid  turnaround 
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time,  thus  only  the  free  and  unbound  drug  is  present  for  the  action.  Certain  disease  states 
like  inflammatory  conditions  are  also  responsible  for  the  high  binding,  due  to  higher  secre¬ 
tion  of  proteins  in  tissue  exudates.  In  another  case,  if  two  drugs  are  applied  simulta¬ 
neously,  without  any  gap  between  administration,  the  second  drug  may  displace  the  first 
drug,  which  will  then  be  rapidly  cleared,  thereby  BA  of  the  first  drug  will  be  affected. 
Hence,  the  gap  between  the  administrations  of  two  drugs  should  be  maintained. 


13*10*2  Appropriate  Placement  of  the  Formulations 

The  efficacy  of  drug  delivery  of  the  formulations  is  depending  on  the  accurate  and 
proper  placement  of  an  eye  formulation  because  the  capacity  of  the  conjunctival  sac  is 
dependent  on  the  position  of  the  head  and  technique  of  instillation.  A  drop  is  placed  in 
the  inferior  cul-de-sac  by  gently  pulling  the  lower  lid  and  creating  a  pouch  to  receive  the 
drop.  Then  drug  goes  to  the  inferior  conjunctival  sac,  where  it  may  be  retained  up  to  two 
times  more  as  compared  with  simple  dropping  over  the  superior  sclera.  Drainage  can  also 
be  reduced  from  the  cul-de-sac  by  simple  eyelid  closure.  By  this  way,  a  prolonged  contact 
time  between  the  drug  and  external  eye  will  be  achieved  and  the  systemic  absorption  of 
the  drug  is  reduced  (Flach,2008;  Farkouh  et  al.,  2016). 


13*10*3  Influence  of  Instilled  Volume  and  Tear  Discharge 

After  instillation  of  the  ophthalmic  formulation  into  the  eye,  firstly  it  will  mix  with  the 
precorneal  tear  film.  At  this  time  the  osmotic  pressure  of  the  mixture  (formulation  plus 
tears)  depends  upon  the  individual  osmolarity  of  the  tears  and  the  ophthalmic  formula¬ 
tion.  If  the  osmotic  pressure  obtained  is  within  defined  limits  meaning  it  is  isotonic  in 
nature  then  no  discomfort  is  experienced.  But  if  the  isotonicity  is  different  then  the  patient 
may  suffer  from  irritation  eliciting  reflex  tears  and  blinking.  Although  the  original  osmo¬ 
larity  of  the  precorneal  tear  film  is  regained  in  2—3  min  due  to  a  rapid  flow  of  water  across 
the  cornea.  When  hypotonic  drug  solution  is  administered  to  the  eye  it  will  create  an 
osmotic  gradient  between  the  tear  film  and  the  surrounding  tissues.  This  osmotic  gradient 
will  lead  to  the  flow  of  water  from  the  eye  surface  to  the  cornea  hence  the  drug  concentra¬ 
tion  on  the  eye  surface  is  temporarily  increased  (European  Medical  Alliance,  2015). 

The  high  rate  of  tear  turnover  and  their  drainage  in  the  eye  also  affects  the  BA  of  topi¬ 
cally  applied  ophthalmic  drugs.  Instillation  of  eyedrops  produces  a  rapid  reflex  blinking 
which  quickly  reestablishes  the  normal  tear  pool.  The  reflex  blink  can  cause  as  much  as 
20  pL  to  spill  over  the  lid  margin  onto  the  skin  and  approximately  7  pL  pumped  into  the 
nasolacrimal  duct  after  instillation  of  30—50  pL  of  ophthalmics.  As  the  corneal  volume  of 
fluid  (lacrimal  and  instilled)  becomes  smaller,  the  turnover  rate  of  lacrimal  fluid  will  have 
a  greater  influence  on  the  residual  drug  concentration.  Therefore,  a  larger  instilled  volume 
will  maximize  the  penetration  of  ophthalmic  drugs,  but  in  such  condition,  the  loss  of  drug 
is  greater  and  also  it  is  responsible  for  the  side  effects  that  may  arise  due  to  nasolacrimal 
absorption  of  the  drug  (Januleviciene  et  al.,  2012). 

To  minimize  loss  to  other  absorptive  pathways,  the  volume  of  the  eyedrops  should  be 
suitably  small  that  the  tear  film  is  not  much  disturbed.  Volumes  of  5— 10  pL  have  been 
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found  to  be  suitable  to  minimize  side  effects  due  to  systemic  absorption  via  the  drainage 
apparatus,  and  special  eyedrop  tips  that  are  capable  of  delivering  this  volume  have  been 
developed  (European  Medical  Alliance,  2015). 

The  volume  of  the  tear  film  is  7  ±  2  |iL,  which  is  present  on  the  ocular  surface.  The 
degree  of  release  of  the  tears  has  been  stated  in  1.2  mL/min.  In  the  human  eye,  tear  turn¬ 
over  count  in  a  minute  is  closely  16%  of  the  whole  tear  film  volume.  Whenever  an  irritat¬ 
ing  stimulus  excites  the  cornea  and  conjunctiva,  reflexive  lacrimation  takes  place  with  an 
increase  in  the  tear  film  volume  to  approx  16  pL.  Instilled  preparation  causes  tearing  from 
the  eye  and  instantaneous  wash  out  of  instilled  eye  drops.  Normally  eye  drops  are 
instilled  in  considerable  volumes  (50  pL)  to  the  lower  conjunctival  sac  and  in  this  range, 
the  unprovoked  tear  turnover  apparently  plays  an  insignificant  function  in  the  waste  of 
instilled  drug  dose  (Sharma  et  al.,  2013). 


13*  10.4  Preservatives 

The  vast  majority  of  ophthalmic  formulations  contain  preservatives.  Most  commonly  ben- 
zalkonium  chloride  is  used  but  at  high  concentration  (>0.01%)  it  can  cause  irritation  and 
damage  to  the  ocular  surface  by  desquamation  (Okahara  et  al.,  2013).  Because  of  this  dis¬ 
ruption,  the  nonselective  absorption  of  several  compounds  of  differing  water  solubility  and 
molecular  weight  will  be  increased  by  the  corneal  barrier.  Therefore,  in  the  current  scenario, 
more  research  is  going  on  to  develop  preservative-free  formulations  to  overcome  these  pro¬ 
blems.  The  ocular  BA  can  be  enhanced  by  increasing  residence  time  and  drug  permeation 
through  the  cornea.  To  achieve  these  effects  various  excipients  are  used  such  as  viscosifiant 
agents,  permeation  enhancers,  and  cyclodextrins.  Benzalkonium  chloride  is  widely  used  as 
a  preservative  and  acts  as  a  penetration  enhancer.  Permeation  enhancer  acts  by  modifying 
the  corneal  integrity  and  reducing  the  barrier  resistance.  However,  there  are  various  pre¬ 
parations  that  do  not  need  the  preservatives  such  as  ocular  inserts  and  contact  lenses. 


13*  10.5  Effect  of  Systemically  Administered  Drugs 

The  drugs  applied  topically  are  not  able  to  reach  the  posterior  segment  of  the  eye 
(include  retina,  vitreous,  and  choroid),  thus  some  other  routes  are  preferred  such  as  sys¬ 
temic  routes,  periocular  or  intraocular  injections  to  be  effective  in  clinical  therapeutics. 
But,  the  distinctive  anatomy  and  physiology  of  the  eye  and  various  protective  barriers 
restrict  the  entry  of  drugs  to  penetrate  into  the  target  tissues.  Presently,  there  is  growing 
interest  in  the  development  of  drug  delivery  systems  to  deliver  the  active  moiety  to  the 
posterior  segment  of  the  eye.  Tear  film  dynamics  can  be  affected  by  systemically  adminis¬ 
tered  pharmacological  agents  and  locally  applied  adjuvants.  Some  of  the  effects  are  listed 
below  in  Table  13.2. 


13.1CE6  Melanin  Binding 

Ocular  melanin  is  found  in  the  retina  and  influences  the  ocular  BA  of  the  topically 
applied  drug.  Drug  binding  to  melanin  affects  drug  response,  toxicity,  and  duration  of 
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TABLE  13.2  Drug  and  Their  Effects  on  the  Eye 


Drug 

Route 

Effect 

Timolol 

Topical 

Reduces  tear  flow 

Pilocarpine 

Systemically 

Stimulates  tear  flow 

Benzalkonium  chloride 

Systemically 

Disrupts  the  tear  film 

Methylcellulose 

Systemically 

Increases  the  stability  of  the  tear  film 

Benzalkonium  chloride 

Systemically 

Inhibit  lid  movements 

Antihypertensives  (e.g.,  reserpine,  diazoxide) 

Systemically 

Stimulates  tear  flow 

Antihistamines  administered 

Systemically 

Reduce  tear  flow 

activity,  which  may  be  due  to  its  distribution  and  retention  in  pigmented  ocular  tissues. 
Melanin  binds  to  the  drugs  by  electrostatic  and  van  der  Waals  forces  or  by  simple  charge 
transfers  (Rimpela  et  al.,  2016).  Melanin  binding  in  the  iris— ciliary  body  influences  the 
drug  concentrations  in  anterior  ocular  tissues  as  well  as  drug  response.  Melanin  binding 
may  significantly  lower  the  pharmacological  activity.  Drugs  similar  to  ephedrine  and  timo¬ 
lol  bind  to  the  melanin  with  an  intense  binding  efficiency.  Melanin  loaded  drugs  are  not 
available  for  receptor  and  for  absorption,  hence  require  large  dosage  for  action  (Gaudana 
et  al.,  2010).  Melanin  also  absorbs  the  excess  radiation  via  facilitating  the  transmittance  of 
visible  light  to  the  retina.  It  also  serves  as  a  photoprotector  by  quenching  reactive  oxygen 
species,  as  well  as  other  radicals,  created  as  a  result  of  the  elevate  oxygen  dependency  of 
the  retina  for  its  metabolism  (Rozanowska  et  al.,  2009).  Melanin  additionally  can  bind  vari¬ 
ous  pharmaceuticals  that  can  produce  ocular  toxicity. 


13*10*7  Drug  Efflux  Pumps 

The  major  challenge  to  ocular  drug  delivery  is  the  presence  of  efflux  pump  on  the  mem¬ 
brane  transporter  and  expression  of  efflux  pump /ATP  binding  cassette  transporter 
influx  /salute  carrier  transporter  along  with  numerous  metabolic  enzymes  such  as  oxidore- 
ductase  class,  hydrolases  (Krishna  Vadlapatla  et  al.,  2014).  Due  to  the  long-term  treatment 
of  ocular  disease,  the  drug  molecule  can  alter  the  multidrug  resistance  (MDR)  phenotype 
on  the  corneal  epithelial  cell  MDR  associated  with  efflux  protein  pump  results  in  expul¬ 
sion  of  the  drug  molecule  out  of  the  cell.  Efflux  transporters  decrease  BA  through  effluxing 
the  drug  molecules.  Prominent  efflux  transporters  have  been  discovered  in  ocular  tissues, 
that  is,  P-up,  BCRP,  multidrug  resistance  protein  (MRP)  (Chen  et  al.,  2013). 


13*10*8  Drug  Binding  by  Melanin  in  the  Choroid— RPE 

The  distribution  of  drugs  and  their  elimination  are  affected  by  melanin  binding  ocular 
drugs.  The  extent  and  amount  of  drug  moved  to  primary  RPE  cells  would  decide  and 
help  in  estimation  of  in  vitro  binding  of  drugs  with  isolated  melanin.  They  can  be  evalu¬ 
ated  by  suitable  techniques  (such  as  single  photon  emission  computed  tomography/ 
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computed  tomography  for  pigment  binding  in  vivo  in  pigmented  as  well  as  albino  rats. 
Melanin  binding  is  an  important  factor  to  control  the  overall  distribution  of  the  drug  to 
the  RPE  cells  (Rimpela  et  al.,  2016). 

Numerous  clinical  ocular  drugs  show  binding  with  melanin  pigment  in  ocular  tissues, 
affecting  the  pharmacokinetics  of  the  drugs  in  the  eye.  In  vitro  studies  have  been  per¬ 
formed  with  synthetic  and  isolated  melanin.  These  studies  are  of  great  importance  proving 
the  impact  of  melanin  binding  on  drug  retention  in  the  pigmented  RPE  (Rimpela  and 
Urtti,  2017).  The  above-discussed  factors  should  be  taken  into  consideration.  Different  pre¬ 
formulation,  as  well  as  formulation  factors,  play  a  crucial  role  in  designing  an  ophthalmic 
formulation.  Thus,  the  above  section  describes  and  summarizes  the  importance  of  these 
factors,  their  benefits,  and  challenges  in  ocular  drug  delivery.  Table  13.2  shows  the  deliv¬ 
ery  of  some  drugs  through  different  routes  of  administration  and  their  effects. 


13.11  IN  VITRO  TECHNIQUES  FOR  EVALUATION  OF  OCULAR 
DRUG  DELIVERY  SYSTEM 


13.11.1  Sterility  Test 

Sterility  is  a  significant  parameter  to  be  evaluated  for  the  eye  preparations  proposed  to 
be  sterile  dosage  forms.  The  test  can  be  carried  out  either  according  to  British 
Pharmacopoeia  (BP)  or  by  Indian  Pharmacopoeia  (IP).  According  to  BP  Sterility  Test,  a 
sample  is  to  be  inoculated  in  the  media  consisting  of  a  mixture  of  soybean-casein  digest 
medium  (20  mL)  and  thioglycolate  medium  (20  mL).  These  mediums  will  be  kept  for  incu¬ 
bation  for  14  days  at  20°C— 25°C.  This  will  help  to  determine  the  aerobic  and  anaerobic 
culture  microbial  growth.  According  to  IP,  the  direct  inoculation  method  is  used  for  the 
sterility  test.  In  this  method,  0.5  mL  of  sample  with  the  help  of  a  sterile  pipette  is  to  be 
transferred  aseptically  to  soybean-casein  digest  medium  (10  mL)  and  thioglycollate 
medium  (10  mL)  separately.  The  inoculation  time  is  14  days  at  30°C— 35°C  for  fluid  thio¬ 
glycolate  medium  and  20° C— 25° C  for  soybean-casein  digest  medium  (Paradkar  and 
Parmar,  2017). 


13.11.2  In  Vitro  Drug  Release  Study 

Drug  release  from  the  ocular  formulation  can  be  determined  by  diffusion  technique  in  an 
open-ended  glass  tube.  A  cellophane  membrane  that  is  presoaked  in  the  diffusion  medium 
is  attached  to  the  open  end  of  the  glass  tube  resembling  a  donor  compartment.  Prepared  for¬ 
mulation  (1  mL)  will  be  kept  in  the  donor  compartment.  This  diffused  cellophane  mem¬ 
brane  will  act  as  eye  tissue  representing  the  diffusion  of  active  moiety.  The  receptor 
compartment  will  contain  25  mL  of  artificial  tear  fluid  in  a  100  mL  beaker  and  is  kept  in  con¬ 
tact  with  the  cellophane  membrane  with  continuous  stirring  with  a  magnetic  stirrer  at  37°C. 
1  mL  of  the  sample  at  different  time  intervals  from  the  receptor  compartment  will  be  with¬ 
drawn  and  analyzed  spectrophotometrically.  The  liquid  withdrawn  will  be  replaced  by 
freshly  prepared  and  warmed  artificial  tear  fluid  into  the  receptor  compartment. 
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13*11*3  Isotonicity  Evaluation 

Isotonicity  is  considered  an  important  parameter  for  the  ophthalmic  preparations 
because  if  it  is  not  maintained  it  can  cause  irritation  or  tissue  damage  to  the  eye.  The  test 
preparation  is  mixed  with  a  few  drops  of  blood  and  then  observed  and  evaluated  under 
the  microscope  at  40  X  magnification.  This  tested  preparation  is  then  compared  with  iso¬ 
tonic  solution,  that  is,  0.9%  sodium  chloride.  The  principle  utilized  for  this  comparison  is 
the  shape  of  blood  cells  in  different  medium  and  their  effects,  that  is,  shrinkage  in  a  hyper¬ 
tonic  solution,  rupturing  hypotonic  solution,  and  maintenance  of  shape  in  isotonic  solu¬ 
tion,  that  is,  in  normal  saline  (Paul  et  al.,  2010). 


13*11*4  Osmolarity  (Ashara  and  Shah,  2017) 


Mean  osmolarity  of  human  tears  is  about  310  mOsm/kg  and  a  tonicity  is  equivalent  to 
0.9%  sodium  chloride  solution.  The  osmotic  pressure  controls  the  blood— aqueous  barrier 
permeability,  which  is  maintained  by  the  presence  of  sodium,  chlorine,  and  bicarbonate 
transport  as  well  as  by  the  physiochemical  properties  of  drugs.  The  pH  of  the  adminis¬ 
tered  formulations  must  be  ideally  about  7.4,  which  is  the  pH  of  the  tears,  and  osmolarity 
must  be  around  310  mOsm/kg.  The  various  ocular  formulations  show  several  advantages 
(for  e.g.,  hydrophilic  ointment  is  easy  to  wash)  but  their  use  restricted  due  to  discomfort 
caused  by  the  osmotic  effect  (Dubald  et  al.,  2018).  Thus,  the  osmolarity  of  the  tested  oph¬ 
thalmic  preparations  is  to  be  calculated  by  the  following  equation. 


mOsm/L  = 


Concentration(g/L);1Q0 
Molecular  weight 


An  adjusting  substance,  usually  sodium  chloride,  is  to  be  added  to  the  exact  amount, 
which  is  calculated  by  using  the  following  equation  to  make  an  isotonic  solution  from 
hypotonic  solution. 


Weight  of  sodium  chloride  required  = 


0.52  —  freezing  point  of  unadjusted  solution 
freezing  point  depression  ofl% 
solution  of  drug 


13*11*5  Ocular  Irritation 

The  irritation  of  the  ophthalmic  formulation  with  human  eyes  is  important  for  the 
safety  purpose  of  their  products;  hence  it  guarantees  safety  valuable  assessment  for  the 
local  compatibility.  To  test  irritation,  a  well-known  test  called  the  Draize  rabbit  eye  test  is 
widely  used  and  is  accepted  worldwide.  It  was  developed  in  1944  by  John  H.  Draize  and 
approved  by  the  FDA  (Luechtefeld  et  al.,  2016).  The  Draize  test  evaluates  the  differences 
in  three  tissues  of  the  eye  (cornea,  conjunctiva,  and  iris).  Albino  rabbit  is  used  as  the  test 
species.  To  test  the  irritancy  of  the  test  formulation,  which  may  be  liquid,  ointment,  paste, 
or  solid  in  the  amount  of  either  0.1  mL  or  0.1  g  of  the  test  formulation  is  installed  in  the 
conjunctiva  cul-de-sac  or  can  also  be  positioned  directly  to  the  cornea  of  one  eye.  The 
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other  eye  is  left  untouched  or  may  be  treated  with  the  excipient  or  vehicle.  This  is  then 
evaluated  for  about  at  1,  4,  24,  48,  and  72  h  on  exposing  to  the  material.  The  time  may  be 
extended,  if  needed,  to  4,  7,  and  21  days.  The  record  so  obtained  is  helpful  in  determining 
the  irritation  behavior  of  materials  (Kolle  et  al.,  2015). 


13*11*6  In  Vitro  Microbiological  Study 

To  determine  the  antibacterial  properties,  the  prepared  formulation  will  be  tested  and 
evaluated  for  a  microbiological  study.  This  is  performed  on  the  S.  aureus  through  cup  plate 
method  under  aseptic  conditions.  The  developed  formulation  (25  |iL)  will  be  poured  into 
the  cups  made  and  incubate  for  24  h.  The  zone  of  inhibition  is  then  recorded  and  com¬ 
pared  with  the  standards  that  may  be  marketed  formulation  under  analogous  conditions 
(Bhatia  et  al.,  2013).  The  microbial  agents  that  are  chiefly  detected  in  these  preparations 
are  Bacillus  cereus ,  Bacillus  sp..  Chromobacterium  violaceum ,  Chlamydia  trachomati ,  P.  aeruginosa , 
and  Listeria  monocytogenes  (Shyamapada,  2016). 


13*11*7  Stability  Study 

The  formulation  is  stored  at  different  temperatures,  that  is,  room  temperature 
(30°C— 35°C)  and  lower  temperature  (2°C— 8°C)  for  a  period  of  30  days  as  per  the  ICH 
guidelines.  Formulations  are  to  be  evaluated  for  particle  size,  drug  content,  viscosity,  and 
percentage  entrapment  efficiency  (Paradkar  and  Parmar,  2017). 


13*11*8  pH 

The  pH  of  the  formulation  is  measured  by  a  pH  meter.  The  meter  can  be  calibrated 
before  its  use  with  the  help  of  buffered  solutions  having  pH  4  and  7.  The  ophthalmic  for¬ 
mulation  is  supposed  to  be  formulated  at  a  pH  near  to  tear  pH  of  7.4.  The  buffer  that  is 
used  in  formulations  should  have  a  capacity  to  maintain  pH  within  the  stability  range. 


13*11*9  Drug  Content 

The  drug  content  of  the  suitable  ophthalmic  formulations  is  determined  by  calculating 
the  entrapped  drug.  UV-spectrophotometer  is  used  to  determine  the  percentage  of  drug 
content  after  suitable  dilution  with  simulated  tear  fluid  of  pH  7.4  and  is  used  to  calculate 
the  percentage  of  drug  content  (Pandey  and  Deivasigamani,  2009). 


13*11*10  Viscosity 

The  viscosity  of  the  ophthalmic  formulation  is  an  important  factor  as  it  plays  a  crucial 
role  in  the  determination  residence  time  of  drug  in  the  eye.  The  viscosities  can  be  deter¬ 
mined  by  using  a  rheometer  with  the  101—1800  rpm  shear  rate. 
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13.1 1.11  Diffusion  Studies  or  Ex  Vivo  Corneal  Permeation  Study 

Goat's  cornea  is  used  for  the  permeation  study  across  the  corneal  membrane.  Studies 
should  be  performed  at  4°C  in  normal  saline  of  pH  7.4.  In  Franz-dif fusion  cell,  the  corneal 
side  is  to  be  kept  in  continuous  contact  with  the  tested  formulation  in  the  donor  compart¬ 
ment.  The  receptor  compartment  contains  simulated  tear  fluid  (STF)  of  pH  7.4  maintained 
at  37°C  ±  0.5°C.  The  whole  of  this  system  is  stirred  on  a  magnetic  stirrer  and  samples  are 
to  be  withdrawn  at  the  different  time  interval  for  the  analysis  of  drug.  Replace  the  receptor 
medium  by  an  equal  volume  of  STF  (pH  7.4)  so  as  to  maintain  sink  conditions  for  each 
sample  withdrawn  (Paradkar  and  Parmar,  2017). 


13.12  EX  VIVO  MODELS  TO  EVALUATE  OCULAR  DRUG 
DELIVERY  SYSTEMS 


The  new  development  and  advancements  in  ocular  drug  delivery  are  leading  to  an 
increase  in  interest  in  ocular  drug  delivery  for  the  ophthalmic  therapeutics  delivery.  To 
study  how  they  work  and  find  the  effectiveness  of  the  system,  there  is  a  demand  for 
in  vitro  models  of  the  eye,  which  could  give  the  information  of  the  drug  delivery  and  its 
safety  for  new  ocular  medicines. 

Corneal  permeability  studies:  The  corneal  epithelium  is  the  outermost  layer  of  the  eye 
and  is  considered  to  be  the  major  barrier  of  the  eye.  There  are  many  in  vitro  epithelial 
models  that  could  develop  and  provide  the  information  about  the  efficiency  of  the  formu¬ 
lation.  The  primary  cell  culture  models  mimic  the  corneal  barrier  are  developed  from  iso¬ 
lated  corneal  epithelial  cells  from  rabbits.  This  model  has  been  identified  as  toxicology 
models.  Human  primary  corneal  epithelial  cells  are  used  in  the  preparation  of  tissue 
sheets,  which  could  reconstruct  the  ocular  surface  in  different  ocular  surface  disorders 
(Shafaie  et  al.,  2016).  Morrison  and  Khutoryanskiy  studied  the  improvement  in  corneal 
permeability  of  riboflavin  by  using  calcium  sequestering  compounds.  The  corneal  epithe¬ 
lium  is  impermeable  to  various  water-containing  preparations  due  to  its  lipophilic  nature, 
but  transcellular  drug  passage  is  resisted,  and  tight  junctions  restrict  access  via  the  para- 
cellular  route.  The  arrangement  of  tight  junctions  is  disturbed  by  the  loss  of  Ca2+  for  epi¬ 
thelial  and  endothelial  cells.  They  investigated  that  the  different  Ca2+  sequestering 
compounds  could  affect  the  corneal  permeability  of  riboflavin  (topically  administered  ocu¬ 
lar  drug  for  the  treatment  of  keratoconus)  at  physiological  pH.  The  effect  of  calcium  chela¬ 
tors  on  the  cornea  has  been  shown  in  Fig.  13.19  as  fluorescence  microscopy.  The  Fig.  13.19 
shows  the  dissected  corneas  and  explains  the  clear  evidence  of  histological  changes  on 
exposing  the  corneas  to  PBS  or  Ca2+  sequestering  formulations  in  PBS  (Morrison  and 
Khutoryanskiy,  2014). 

HET  CAM  assay  (Hens  Egg  Chorioallantoic  Membrane  Test):  This  test  is  to  be  performed 
according  to  ICCVAM  recommendations  published  in  November  2006  in  Appendix  G 
(Rajpal  Deshmukh  et  al.,  2012).  It  is  widely  used  to  find  out  ocular  irritation  potential  of 
the  prepared  ocular  formulations.  This  test  is  used  as  an  alternate  method  for  evaluating 
the  local  toxicity  potential  of  different  formulations  carrying  drugs  and  vaccines  (Batista- 
Duharte  et  al.,  2016).  Fertilized  hen's  eggs  (weighing  50—60  g)  is  to  be  taken  for  the  study. 
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FIGURE  13.19  Micrographs  showing  histological  changes  due  to  exposure  to  calcium  sequestering  formula¬ 
tions  at  a  concentration  of  1  mg/mL-1  for  3h  (B— D)  compared  with  exposure  to  PBS  (A).  (A)  PBS,  (B)  EDDS 
(ethylenediamine-iyN7 -succinic  acid),  (C)  EGTA  (ethylene  glycol-bis(2-aminoethyl  ether)-N,]V,N/,]V/-tetraacetic 
acid),  and  (D)  EDTA  (Ethylenediaminetetraacetic  acid).  Scale  bar  =  100  pm.  Source:  Adapted  from  Morrison ,  P.W., 
Khutoryanskiy ,  V.V.,  2014.  Enhancement  in  corneal  permeability  of  riboflavin  using  calcium  sequestering  compounds.  Int.  J. 
Pharm.,  472(1-2),  56-64. 

The  eggs  are  incubated  in  a  humidified  incubator  maintaining  the  temperature  of  37°C  ± 
0.5°C  for  3  days.  Rotate  the  trays  containing  eggs  manually  in  a  gentle  manner  after  every 
12  h.  Egg  albumin  (3  mL)  is  to  be  removed  on  day  3  by  using  sterile  techniques  from  the 
pointed  end  of  the  egg.  Then  seal  the  hole  with  70%  alcohol  sterilized  parafilm  by  using  a 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


13.13  ANIMAL  MODELS  TO  EVALUATE  OCULAR  DRUG  DELIVERY  SYSTEMS 

TABLE  13.3  Scoring  Scale  for  the  HET-CAM  Test  (McKenzie  et  al.,  2015) 
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Effect 

Score 

Description 

No  visible  hemorrhage 

0 

Nonirritant 

Just  visible  membrane  discoloration 

1 

Mild  irritant 

Structures  are  covered  partially  by  hemorrhage 

2 

Moderate  irritant 

Structures  are  covered  completely  by  hemorrhage 

3 

Severe  irritant 

heated  spatula.  The  eggs  are  then  kept  in  the  equatorial  position  for  the  development  of 
chorioallantoic  membrane  away  from  the  shell.  The  eggs  are  candled  on  the  fifth  day  of 
incubation,  and  then  every  day  nonviable  embryos  are  removed.  On  the  10th  day  a  win¬ 
dow  (2  X  2  cm)  is  made  on  the  equator  of  the  eggs  through  which  formulations  (0.5  mL) 
are  to  be  instilled.  A  0.9%  w/v  NaCl  solution  is  taken  as  a  control  due  to  its  nonirritant 
nature.  The  scores  are  recorded  for  both  the  test  sample  and  standard  according  to  the 
scoring  scheme  (Gupta  et  al.,  2007).  Table  13.3  describes  the  score  and  its  effect  for  the 
HET-CAM  test. 


13.13  ANIMAL  MODELS  TO  EVALUATE  OCULAR  DRUG 
DELIVERY  SYSTEMS 


Models  for  drug  delivery  seek  to  understand  both  the  unique  dosage  form  and  the 
physiology  of  the  target  for  which  they  are  intended.  Such  understanding  is  required  to 
make  accurate  predictions  regarding  how  the  dosage  form  will  release  and  deliver  its  pay- 
load,  including  the  drug's  absorption,  distribution,  and  clearance,  that  is,  pharmacokinetics 
(Parrott  et  al.,  2009).  The  ultimate  goal  of  any  drug  delivery  system  is  to  provide  efficient 
and  cost-effective  treatment  against  human  diseases.  Although  animal  models  can  evaluate 
the  preliminary  safety  and  efficacy  of  a  formulation  system,  a  drug  delivery  system's  actual 
effectiveness  can  only  be  accurately  assessed  by  clinical  trials  (Mak  et  al.,  2014).  The  mouse 
models  are  commonly  used  in  the  mammalian  system,  because  of  minimal  generation  time, 
very  cost-effective  maintenance,  and  the  ability  to  change  the  genome  with  the  directed 
mutation.  Nowadays,  the  zebrafish  model  is  an  excellent  model  for  the  investigation  of  eye 
diseases  (Link  and  Collery,  2015). 

The  animal  model  should  be  as  simple  and  it  is  important  that  it  is  similar  to  humans. 
A  wide  variety  of  rat  and  mouse  models  are  available  for  glaucoma  study.  A  variety  of 
genetic  models  helps  to  study  the  T-cell  effector's  cellular  response  (Cui  and  Kaech,  2010). 
Still,  it  is  difficult  to  construct  an  accurate  model  of  a  biological  system  because  the  anat¬ 
omy  or  physiology  is  poorly  defined;  key  parameters  are  unknown  and  occurrence  of  bio¬ 
logic  variability  (Thassu  and  Chader,  2012).  Some  of  the  models  that  are  used  as  in  vivo 
studies  for  eye  diseases  are  discussed  in  Table  13.4. 

A  suitable  animal  model  and  analytical  method  will  help  to  identified  and  correlate  the 
drug  and  pharmacokinetic  method  for  the  estimation  of  drug  distribution  from  a  drug 
delivery  system  or  dosage  form. 
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TABLE  13.4  Animal  Models  for  the  Eye  Diseases 


Therapeutic  Application 

Drug 

Nanocarrier/Device 

Animal 

Author 

Corneal  neovascularization 

Dexamethasone 

Hydrogel 

Rat 

Huang  et  al.  (2017) 

Immunomodulator 

Tacrolimus 

Nanoparticles 

Rabbit 

Kalam  and  Alshamsan 
(2017) 

Cystinosis 

Cysteamine 

Hydrogels 

Rats 

Luaces-Rodriguez  et  al. 
(2017) 

Choroidal  neovascularization 
(CNV) 

Ranibizumab 

Microsphere-hydrogel 

Rat 

Osswald  et  al.  (2017) 

Glaucomatous 

Pilocarpine 

Thermogels 

Rabbit 

Chou  et  al.  (2016) 

Keratitis. 

Ketoconazole 

Proniosomal  Gels 

Rabbit 

Abdelbary  et  al.  (2017) 

Antifungal 

Voriconazole 

Thermogel 

Horses 

Cuming  et  al.  (2017) 

Antiinflammatory 

Loteprednol 

Etabonate 

Nanoparticles 

Goat  corneal 

tissue 

Sah  et  al.  (2017) 

Glaucoma 

Dorzolamide 

Nanoliposomes 

Rabbit 

Kouchak  et  al.  (2016) 

Bacterial  keratitis 

Moxifloxacin 

Microemulsions 

Rabbit 

Bharti  and  Kesavan 
(2016) 

Bacterial  keratitis 

Gatifloxacin 

Mucoadhesive 

hydrogel 

Rabbit 

Kesavan  et  al.  (2016) 

Intraocular  pressure 

Brinzolamide 

Nanocrystal 

Rat 

Tuomela  et  al.  (2014) 

Glaucoma 

Atropine 

In  situ  gelling 

Rabbit 

Bhowmik  et  al.  (2013) 

Intraocular  pressure  (IOP) 

Pilocarpine  Nitrate 

Liquid  crystal 
nanoparticles 

Rabbit 

Li  et  al.  (2013) 

Proinflammatory  markers  of 
diabetes 

Minocycline 

Nanoliposomal 

Rat 

Kaiser  et  al.  (2013) 

Fungal  infections 

Natamycin 

Nanoparticles 

Rabbits 

Bhatta  et  al.  (2012) 

Immunosuppressant 

Cyclosporin  A 

Micelle 

Rat  model 

Di  Tommaso  et  al.  (2012) 

Fungal  infections 

Amphotericin  B 

Nanosuspension 

Rabbits 

Das  and  Suresh  (2011) 

Glaucoma 

Carteolol 

Dendrimers 

Rabbits 

Spataro  et  al.  (2010) 

13.14  RECENT  PATENTS  AND  REGULATORY  STATUS  ON 
OPHTHALMIC  DELIVERY  FORMULATIONS 


Over  the  past  decade,  many  advanced  technologies  have  been  patented.  Nevertheless,  a 
need  for  additional  research  and  continuous  innovation  is  still  warranted.  The  patent  liter¬ 
ature  is  often  essential  for  promoting  new  directions  in  research  as  well  as  for  elucidating 
possibilities  for  future  technologies.  Cyclosporine  A  is  a  widely  used  drug  for  the  treat¬ 
ment  of  dry  eye  disease.  But,  its  use  is  restricted  due  to  its  poor  solubility  in  an  aqueous 
medium,  which  could  lead  to  precipitation  of  the  drug  causing  irritation  in  the  eye. 
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TABLE  13.5  Patent  Granted  for  the  Ocular  Drug  Delivery 


Inventions  Summary 

Application 

Patent  No. 

Delivery  of  recombinant  human  growth  hormone  (rHGH)  is 
contained  in  a  polymer  matrix 

Treatment  of  a  sclera 
conjunctival,  and  corneal  wound 

US201 30330383 Al 

Topical  application  of  the  drug  and  one  additional  agent  would 
increase  the  residence  time  of  drug  in  extraocular  space,  or 
increase  the  transport  of  the  drug  across  an  eye  tissue  into  a 
posterior  ocular  region 

Treatment  of  posterior  retinal 
diseases 

US20040071761A1 

Liposomal  formulation  for  ocular  drug  delivery 

Treating  or  preventing  an  ocular 
disease 

US20130216606A1 

The  patent  claim  that  cyclosporine  containing  LEs  administered  in 
the  eye 

Treatment  of  phacoanaphylactic 
endophthalmitis  or  uveitis 

US4649047A 

Nanomicellar  formulation  of  a  drug  molecule 

Delivery  of  molecule  topically  to 
the  posterior  segment 

US20090092665 

Ocular  implant  of  siRNA  complexed  with  a  transfection  agent 
such  as  cationic  lipids  and  short  cell  penetration  peptides 
providing  the  sustained  release  siRNA 

Treatment  of  an  ocular 
condition  or  disease. 

US9480646B2 

Method  of  preparing  a  contact  lens  for  delivery  of  medications 
directly  to  the  ocular  tissue 

Delivery  of  drug  to  peripheral 
segment 

US3786812A 

Delivery  hydrophobic  pharmaceutical  active  ingredient  through 
the  emulsion 

Ocular  delivery  of  drug 

US6007826A 

The  use  of  surfactant  to  stabilized  the  emulsion  to  overcome  the 
stability  problem  rancidity 

Eye  lotion  for  treating  the  eyes 

US6335022B1 

The  patent  claim  that  develops  composition  used  for  lubricating 
the  eye  and  corneal  surface 

Treatment  of  dry  eye  syndrome 

US6656460B2 

To  improve  the  drug  solubility  and  stability 

Treatment  of  glaucoma 

US8414904B2 

The  lipid  emulsion  containing  alpha  2  adrenergic  agonist  and 
based  on  the  neuropeptide  inhibitor 

Treatment  of  dry  eye 

Meibomian  gland  dysfunction 

US9597328B2 

To  improve  its  solubility,  formulations  have  been  developed  for  topical  delivery  of  cyclo¬ 
sporine  in  the  patent  disclosures  US6582718  (Kawashima  and  Kuwano,  2003).  Mitra  et  al. 
obtained  the  patent  for  developing  a  nanomicellar  formulation  of  Rapamycin  and 
Corticosteroid.  This  describes  the  significant  improvement  in  the  solubility  profile  by 
~1000  fold  of  the  poorly  aqueous  soluble  Rapamycin  (2.6  pg/mL). 

The  particle  size  of  the  developed  nanomicelles  was  about  25  nm.  Experiments  conducted 
on  rabbit  animal  model  for  rapamycin  nanomicellar  eye  drops  showed  significantly  higher 
concentration  of  drug  in  the  choroid /retina  (~360ng/g)  with  negligible  concentrations  in 
the  aqueous  humor,  lens,  and  vitreous  humor,  thus  demonstrating  that  nanomicellar  pre¬ 
parations  could  be  helpful  in  the  delivery  of  drug  to  the  posterior  segment  with  topical  eye 
drops  formulation  (Mitra  et  al.,  2010).  A  patent  was  granted  to  Bague  et  al.  for  the  cationic 
oil-in-water  emulsion.  They  utilize  the  low  concentrations  of  cationic  agents  such  as  benzalk- 
onium  chloride,  cetalkonium  chloride,  and  oleylamine)  and  nonionic  surfactants  such  as 
poloxamer  and  tyloxapol.  The  developed  emulsion  possesses  positive  zeta  potential  with  an 
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average  particle  size  of  100—200  nm  and  showing  higher  stability.  This  methodology  was 
used  to  develop  a  sirolimus  nanoemulsion  with  better  toxicity  profile  when  tested  in  a  rab¬ 
bit  animal  model  as  described  in  the  patent  disclosures  US8298568  (Bague  et  al.,  2012).  A 
patent  was  granted  to  Chauhan  and  Gulsen  for  inventing  soft  hydrogel  contact  lenses  bear¬ 
ing  various  ocular  drugs.  These  contact  lenses  will  act  as  a  matrix  for  the  drug  nanoparticles. 
They  have  the  advantages  of  being  clear  and  do  not  interfere  with  vision  owing  to  the  small 
size  of  nanoparticles.  The  nanoparticle  size  range  of  the  drug  was  found  to  be  in  the  range 
of  50—200  nm.  This  soft  hydrogel  lens  was  developed  by  using  poly-2-hydroxyethyl  methac¬ 
rylate  p-(HEMA).  The  lens  shows  the  higher  drug  retention  time  and  better  drug  permeation 
across  the  cornea,  thus  providing  sustained  release  of  drug  with  minimal  systemic  absorp¬ 
tion  via  nasolacrimal  sac.  This  novel  hydrogel  lens  could  be  successfully  used  for  the  pro¬ 
longed  delivery  of  Timolol,  whose  use  as  a  glaucoma  drug  is  as  described  in  the  patent 
disclosure  US8273366  (Chauhan  and  Gulsen,  2012).  Table  13.5  comprises  the  different 
patents  obtained  for  the  treatment  of  eye  problems. 


13.15  CONCLUSION 


The  delivery  of  conventional  ophthalmic  dosage  forms  by  different  routes  is  not  suffi¬ 
cient  to  cure  ocular  diseases.  The  role  of  different  barriers  should  be  considered  while  for¬ 
mulating  the  dosage  form  for  producing  therapeutic  effects.  Nowadays,  efforts  have  been 
made  to  improve  the  therapeutic  performance  of  the  drug  molecule.  Various  strategies 
have  been  used  to  develop  the  dosage  form  with  the  aim  to  increase  the  permeation  and 
prevent  the  metabolism  of  enzymes.  Nasolacrimal  and  precorneal  drainage  disadvantage 
should  be  overcome  by  various  strategies  available  to  enhance  ocular  BA.  Different  poten¬ 
tial  approaches  are  used  for  sustained  and  controlled  release  of  the  drug  at  the  target  site. 
Much  development  in  the  ophthalmic  drug  delivery  has  been  found  and  their  efficacies 
are  reported  by  many  scientists.  These  developments  have  been  patented  for  the  novelty 
of  the  newer  concept  to  treat  eye  related  disorders.  The  design  and  development  of  novel 
approaches  and  nanomaterials  have  evolved  to  overcome  the  limitations  of  the  conven¬ 
tional  formulations.  Future  work  should  spot  the  strategies  and  methods  along  with  com¬ 
binations  of  additives  to  provide  the  favorable  properties  to  delivery  systems.  The 
development  of  ex  vivo  and  in  vivo  ocular  models  is  of  great  importance  and  contributing 
to  biological  research.  Both  the  ex  vivo  and  in  vivo  ophthalmic  safety  test  methods  are  of 
importance  and  have  been  validated  by  the  regulators.  Clinical  development  is  in  progress 
and  it  will  be  helpful  to  provide  the  benefits  that  could  provide  the  innovative  techniques 
for  patients. 


Abbreviations 

AIDS  acquired  immune  deficiency  syndrome 

AMD  age-related  macular  degeneration 

AUC  area  under  curve 

BA  bioavailability 
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CMV 

DME 

DR 

FDA 

HAART 

HCE-T 

HET  CAM 

IOP 

MDR 

MEs 

MTT 

NLCs 

PAMAM 

PCL 

PLGA 

PVR 

RP 

RPE 

RVO 

siRNA 

SLNs 

SMEDDS 

STF 

TJ 


cytomegalovirus  retinitis 

diabetic  macular  edema 

diabetic  Retinopathy 

Food  and  Drug  Administration 

highly  active  antiretroviral  therapy 

human  corneal  epithelial 

Hen's  Egg  Chorioallantoic  Membrane 

intraocular  pressure 

multidrug  resistance 

microemulsions 

methyl-thiazol-tetrazolium 

nanostructured  lipid  carriers 

poly(amidoamine) 

poly-epsilon-caprolactone 

polylactic  glycolic  acid 

proliferative  vitreo  retinopathy 

retinitis  pigmentosa 

retinal  pigment  epithelium 

retinal  vein  occlusion 

small  interfering  RNA 

solid  lipid  nanoparticles 

self-emulsifying  drug  delivery  systems 

simulated  tear  fluid 

tight  junction 
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14.1  INTRODUCTION 


The  brain  is  a  major  and  very  delicate  organ  in  our  body.  The  spinal  cord  and  brain  rep¬ 
resent  the  central  nervous  system  (CNS),  which  controls  the  various  actions  of  our  body. 
CNS  collects  information  from  the  sensory  organs  and  performs  the  action  by  processing 
and  integrating  the  instructions.  The  brain  is  surrounded  by  various  fine  capillaries,  which 
are  attached  together  via  tight  junctions  (TJ),  linking  the  endothelial  cells  (ECs),  which  con¬ 
stitutes  the  blood— brain  barrier  (BBB).  The  BBB  performs  the  function  of  separation  of  the 
blood  and  extracellular  fluid  in  the  brain,  thus  also  acts  as  a  selective  barrier  because  it 
allows  some  substances  to  cross  while  preventing  others  from  reaching  the  CNS.  The  BBB 
blocks  entry  of  various  drug  molecules  into  the  CNS,  thus  possessing  selective  permeabil¬ 
ity.  Some  studies  provide  information  that  only  a  limited  number  of  drugs  can  pass 
through  the  BBB  and  reach  the  CNS  (Daneman  and  Prat,  2015). 

The  BBB  generally  does  not  permit  all  the  large  drug  molecule  and  most  of  the  small 
hydrophilic  drugs  as  compared  with  the  molecules  or  drugs  having  high  lipophilicity  and 
low  molecular  weight  (less  than  500  Da)  (Himri  and  Guaadaoui,  2018).  Therefore,  for  the 
effective  management  of  various  cerebral  diseases,  there  is  a  need  for  development  and 
improvement  in  the  delivery  system  for  the  drug  to  make  it  available  at  the  site  of  action, 
that  is,  the  CNS.  The  various  strategies  have  been  developed  and  some  are  in  the  develop¬ 
mental  stage  for  the  treatment  of  brain-related  disorders  with  enhanced  pharmacological 
actions.  These  methods  include  both  invasive  (intracerebral  delivery,  BBB  disruption,  etc.) 
and  noninvasive  (prodrug,  nanoformulations,  olfactory  pathway,  etc.)  approach.  The  inva¬ 
sive  methods  may  have  serious  side  effects  like  brain  injury,  glial  scar,  and  infections. 
Therefore,  the  use  of  noninvasive  methods  is  safer  in  comparison  to  invasive  methods.  In 
noninvasive  drug  delivery  systems,  the  intranasal  drug  delivery  approach  is  becoming 
very  prominent  by  the  use  of  the  olfactory  pathway  for  the  brain-targeted  drug  delivery 
(Shi  et  al.,  2011;  Paul  et  al.,  2015).  But  there  are  various  problems  associated  with  the  intra¬ 
nasal  pathway  because  of  the  availability  of  the  anatomical  barriers,  which  would  be  a 
challenge  in  the  designing  of  an  intranasal  drug  delivery  system.  Although  numbers  of 
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delivery  systems  are  under  clinical  phases  only  a  few  are  available  for  brain  delivery  of 
drugs  bypassing  the  BBB  (Si  et  alv  2013;  Miyake  and  Bleier,  2015;  Engelhardt  et  al.,  2016). 

The  CNS  disorders,  including  Alzheimer's  disease  (AD),  Parkinson's  disease,  brain 
tumors,  and  epilepsy  cannot  be  cured  effectively  due  to  the  inappropriate  concentration  of 
drug  at  the  CNS.  At  the  early  drug  delivery  development  stage,  most  of  the  drug  delivery 
candidates  have  been  withdrawn  due  to  the  lack  of  capability  of  crossing  the  BBB  and 
inability  to  reach  the  site  of  action.  In  the  current  pharmaceutical  research,  drug  targeting 
concept  to  the  CNS  is  the  main  criterion  for  the  effective  management  of  brain  disorders. 
The  targeting  delivery  system  has  the  molecular  identification  approach  on  the  brain  tis¬ 
sue,  thus  provides  appropriate  concentrations  at  the  site  of  action.  Researchers  are  continu¬ 
ously  trying  to  develop  the  most  effective  delivery  system  by  using  the  various  targeting 
molecules  and  ligands  (Dwivedi  et  al.,  2013;  Pardridge,  2006). 

Basically,  two  types  of  approaches  are  applied  for  designing  the  brain-targeted  drug  deliv¬ 
ery  systems,  which  are  chemistry-based  methodology  and  biology-based  methodology,  as 
shown  in  the  Fig.  14.1.  The  chemistry-based  approaches  are  related  to  the  lipophilic  behavior 
of  the  molecules  or  therapeutic  agents.  As  the  lipophilic  molecules  are  more  capable  of  cross¬ 
ing  the  BBB,  the  chemistry-based  techniques  are  used  to  enhance  the  lipophilicity  of  the 
drug  by  modification /s  in  the  molecular  structure  of  the  drug.  These  modifications  lead  to  a 
change  of  the  lipophilic  nature  of  the  molecules,  which  may  be  due  to  the  change  in  hydro¬ 
gen  bonding,  molecular  weight,  or  plasma  protein  binding,  etc.  (Mikitsh  and  Chacko,  2014). 

The  biological  techniques  include  the  endogenous  transport  system  in  the  capillary 
endothelium  of  the  BBB.  These  transport  systems  provide  the  pathway  to  the  therapeutic 
agents  and  help  in  the  brain  targeting.  These  systems  are  categorized  into  the  different 
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FIGURE  14.1  Approaches  for  targeted  brain  drug  delivery  through  the  BBB. 
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transport  system,  which  may  be  of  the  following  types:  absorptive  mediated  transcytosis 
(AMT),  receptor-mediated  transport  (RMT),  carrier-mediated  transport  (CMT),  and  active 
efflux  transport  (AET). 


14*2  DISEASES  RELATED  TO  BBB 


14*2*1  Meningitis 

The  covering  of  the  brain  and  spinal  cord  is  known  as  the  meninges.  Inflammation  pres¬ 
ent  in  the  meninges  leads  to  meningitis.  It  may  be  caused  due  to  the  infection  in  the  sur¬ 
rounding  fluid  or  meninges  itself  by  bacteria  or  viruses.  These  infections  are 
communicable  and  may  be  transmitted  by  sneezing,  coughing,  etc.  Other  factors  may  also 
be  responsible  for  meningitis,  including  drug  reactions,  fungi,  chemical  sensitivity,  or  can¬ 
cer.  There  are  various  symptoms  of  meningitis,  like,  seizures,  headache  with  nausea,  stiff 
neck,  fever,  sleepiness,  difficulty  in  walking,  etc.  (Dash  et  al.,  2013). 


14*2*2  Brain  Abscess 

The  term  abscess  means  "pus."  When  pus  is  present  in  the  brain,  it  is  known  as  brain 
abscess  disease.  It  is  due  to  the  bacterial  or  viral  infection  after  severe  head  injury.  Pus  for¬ 
mation  can  also  originate  from  ear,  sinus,  or  tooth  infections.  There  is  a  necessity  for  early 
diagnosis  and  treatment  of  brain  abscess  because  swelling  in  the  brain  may  cause  a  life- 
threatening  condition.  Initial  symptoms  of  the  disease  may  include  fever,  chills,  lack  of 
sensation,  nausea,  decreased  speech,  blurred  vision,  etc.  (Brouwer  et  al.,  2014). 


14*2*3  Epilepsy 

It  is  the  most  widespread  neurological  disorder.  In  the  world,  about  65  million  people 
are  affected  by  epilepsy.  The  main  symptom  of  epilepsy  is  seizure.  The  intensity  of  seizure 
depends  on  the  affected  area  of  the  brain.  The  seizures  may  be  either  mild  or  strong,  char¬ 
acterized  as  the  focal  (partial)  or  generalized  types,  respectively.  In  the  mild  seizure,  there 
is  lack  of  consciousness  for  a  limited  duration,  but  in  generalized  type  seizure,  strong  mus¬ 
cle  spasm  is  present  for  longer  time  periods  and  causes  unconsciousness.  The  generalized 
seizures  may  include  six  types  of  seizures,  that  is,  absence  (petit  mal),  clonic,  tonic,  atonic, 
tonic-clonic  (grand  mal),  and  myoclonic  seizures.  There  are  various  factors,  like  lack  of 
sleep,  flashlight,  bright  light,  tension,  illness,  caffeine,  alcohol,  drugs,  etc.,  that  may  pro¬ 
voke  seizures  (Syeda  and  Karim,  2016). 


14*2*4  Multiple  Sclerosis 

It  is  an  autoimmune  disorder  of  the  brain.  In  this  disorder,  the  immune  system  damages 
the  myelin  sheath  of  the  nerve  fibers,  which  affects  the  transmission  of  nerve  impulses. 
The  signs  and  symptoms  of  the  disease  may  differ  from  person  to  person  and  depend 
upon  the  severity  of  damaged  nerve  fibers.  The  person  with  severe  multiple  sclerosis  may 
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not  walk  properly  without  any  support.  There  is  no  complete  healing  from  multiple  sclero¬ 
sis,  but  some  treatments  may  be  helpful  for  relieving  the  symptoms  and  help  the  patient 
manage  daily  life  activities  (Lassmann,  2018). 


14*2*5  Neuromyelitis  Optica 

It  is  an  autoimmune  disease  and  also  known  as  Devic's  disease.  The  tendency  of  neuro¬ 
myelitis  optica  (NMO)  is  increased  after  the  infections  in  the  brain  and  autoimmunity 
leads  to  damage  to  nerve  cells.  The  body  immunity  affects  mainly  the  optic  nerve  and  spi¬ 
nal  cord,  which  may  cause  optic  neuritis  and  myelitis,  respectively.  The  immune  system 
or  antibodies  may  also  affect  the  brain.  Optic  neuritis  is  responsible  for  the  pain,  blurred 
vision,  or  loss  of  vision  due  to  swelling  and  inflammation  in  the  optic  nerves.  Myelitis 
causes  the  loss  of  sensation,  nerve  pain,  muscle  spasm,  paralysis,  and  alters  the  bowel  and 
bladder  functioning  (Fujii  et  al.,  2017). 


14*2*6  Late-Stage  Eurological  Trypanosomiasis  (Sleeping  Sickness) 

It  is  the  most  common  tropical  disease.  The  main  reason  for  the  disease  is  the  infection 
of  the  CNS  with  a  protozoan  organism,  that  is.  Trypanosoma  bruceigambiense.  More  often,  it 
is  transmitted  by  the  bite  of  an  infected  African  fly,  that  is,  the  tsetse  fly  (genus  Glossina). 
The  disease  is  present  mostly  in  the  rural  areas  of  the  African  subcontinent.  Symptoms 
start  from  the  skin,  that  is,  a  red  sore  at  the  site  of  the  fly  bite;  after  that,  patients  may  feel 
muscle  cramps,  fever,  headache,  and  swollen  lymph  glands.  The  symptoms  are  converted 
to  severe  conditions  in  the  late-stage  trypanosomiasis  due  to  disease  spread  to  the  CNS 
and  may  be  responsible  for  seizures,  confusion,  alteration  in  the  biological  clock,  etc.  The 
disease  may  also  cause  death  of  the  patient  when  no  treatment  is  available  over  a  long 
period  of  time.  Therefore,  proper  diagnosis  and  treatment  should  be  sought  as  soon  as 
possible  to  remove  any  long-term  difficulties  and  problems  (Mesu  et  al.,  2018). 


14*2*7  Progressive  Multifocal  Leukoencephalopathy 

It  is  a  rare  but  fatal  demyelinating  disorder  of  the  CNS.  The  causative  agent  of  the  disease 
is  John  Cunningham  polyoma  virus,  which  mainly  infects  the  oligodendrocytes  of  the  brain. 
Progressive  multifocal  leukoencephalopathy  (PML)  is  more  often  found  in  the  patient  who 
is  immunodeficient  and  suffering  from  various  diseases  like  AIDS,  systemic  lupus  erythe¬ 
matosus,  and  hematologic  malignancies.  The  symptoms  depend  on  the  progressive  stage  of 
the  disease.  Initially,  mental  functioning  may  be  affected,  which  may  be  responsible  for  the 
memory  loss,  blurred  vision,  difficulty  in  speaking,  walking,  hearing,  etc.  There  are  some 
diagnostic  techniques,  like,  MRI,  lumbar  puncture,  etc.,  to  diagnose  PML  (Berger,  2014). 


14*2*8  Alzheimer’s  Disease 

It  is  the  disease  of  memory  loss  because  of  the  degenerative  behavior  of  the  brain  cells. 
The  alteration  of  brain  function  may  lead  to  mental  confusion  and  dementia-like  condition. 
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The  memory  loss  may  even  so  worsen  that  the  person  does  not  remember  anything.  It  is 
considered  to  be  the  most  common  cause  of  dementia  in  which  the  person  may  lose  social 
and  intellectual  relations.  There  is  no  complete  treatment  available  for  AD,  but  some  man¬ 
agement  therapies  and  medications  provide  a  temporary  improvement  by  reducing  the 
symptoms  (Alzheimer's,  2015). 


14*3  ANATOMY  AND  PHYSIOLOGY  OF  BLOOD-BRAIN  BARRIER: 
VITAL  CONCEPTS  OF  BBB  DRUG  DELIVERY 


Barriers  between  brain  and  blood  were  first  demonstrated  by  Ehrlich  in  1885,  by  the 
use  of  Evan's  blue  dye,  which  was  found  in  all  the  organs  of  rat  except  in  the  brain  when 
infused  intravenously.  They  concluded  that  the  dye  could  not  adhere  to  tissue  present  in 
the  brain.  In  1913,  Goldmann  found  barriers  between  brain  and  blood  by  injecting  dye 
into  the  CSF.  In  the  experiment,  only  brain  tissue  was  stained  with  dye  and  all  tissues  of 
the  body  remained  unstained  (Saunders  et  al.,  2014). 

There  are  three  main  physical  barriers  found  in  the  brain,  between  blood  and  CNS, 
which  guard  neurons  and  glial  cells  from  blood— borne  substances  (toxin  and  pathogens) 
and  assist  in  maintaining  water  homeostasis  and  suitable  environment  for  neuronal  activ¬ 
ity:  the  CSF  barrier,  the  BBB,  and  the  BSCB  as  shown  in  Fig.  14.2  (Choi  and  Kim,  2008; 
Saunders  et  al.,  2008). 


14*3*1  Blood— CSF  Barrier 

In  the  brain,  the  choroid  plexus  and  cerebral  capillaries  of  the  lateral  third  and  fourth 
ventricles  form  the  CSF  (600  mL/ day).  The  blood— CSF  barriers  are  created  by  the  TJ  of 
the  choroid  plexuses  and  the  ependymal  cell  (Skipor  and  Thiery,  2008;  Sakka  et  al.,  2011). 
CSF  provides  nutrients  and  cushioning  action  for  the  brain  and  neuronal  tissues.  The 
Na+— K+  ATPase  of  the  ependymal  cells  produces  the  osmotic  gradient  by  the  exchange 
of  3Na+  ions  for  2K+  ions  that  contribute  to  water  flow  and  fluid  formation  by  the  choroid 
plexus  cells  (Cipolla,  2009;  Brinker  et  al.,  2014).  CSF  also  plays  several  functions  like  main¬ 
taining  buoyancy  (suspended  in  the  CSF),  protection,  homeostasis,  and  clearing  wastage 
from  the  brain  (Wright  et  al.,  2012). 


14*3*2  Blood— Spinal  Cord  Barrier 

The  structure  of  the  blood— spinal  cord  barrier  (BSCB)  is  same  as  the  BBB  structure;  its 
ECs  are  covered  by  a  basal  lamina  and  in  between  the  ECs,  the  junctional  proteins  are  pres¬ 
ent,  that  is,  TJ  and  adherents'  junction-associated  proteins.  The  BSCB  separates  the  spinal 
cord  from  the  periphery,  providing  protection  to  the  spinal  cord  parenchyma  and  a 
stable  microenvironment,  which  is  essential  for  normal  neuronal  function.  The  BSCB 
restricts  the  movement  of  large  molecules  like  cytokine  and  plasma  protein  (Ye  et  al.,  2016). 
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FIGURE  14.2  Different  barriers  present  in  the  CNS. 


14*3*3  Blood— Brain  Barrier 

The  BBB  is  comprised  of  cerebral  ECs  of  brain  capillaries,  which  are  influenced  by 
adjacent  cells,  that  is,  the  end  feet  of  astrocytes,  basement  membrane,  and  pericytes. 
It  is  a  multicellular,  tight,  and  extremely  selective  semipermeable  membrane  barrier 
for  blood— borne  solutes,  oxygen,  and  nutrients  such  as  amino  acids,  glucose,  and  other 
neurotransmitter  precursors  to  the  brain.  Cerebral  ECs  contain  many  active  transporter 
systems  for  the  intake  of  nutrients  to  the  brain  and  remove  waste  products  and  toxic 
(hazardous)  substances  from  the  brain.  The  ECs  also  control  the  transcellular  transport  of 
substances  with  low  rate  of  pinocytosis  or  endocytosis.  Almost  all  the  large-molecule 
drugs  and  most  of  the  small-molecule  drugs  are  incapable  of  passing  through  the  BBB. 
Therefore,  these  barrier  systems  are  very  helpful  for  the  protection  of  the  CNS  from  both 
toxic  as  well  as  pathogenic  agents  present  in  the  blood  (Cortes  et  al.,  2017). 

The  neuron  is  the  basic  unit  of  the  brain  and  nervous  system,  and  each  neuron  requires 
oxygen  and  other  nutrients,  which  are  obtained  by  the  fine  capillaries  present  in  the  brain 
compartment.  The  neurons  are  very  sensitive  structures  and  their  functions  can  be  affected 
by  the  presence  of  even  a  small  amount  of  exogenous  compound.  Therefore,  for  the  pro¬ 
tection  of  brain  neurons  from  the  external  environment  and  substances,  there  is  the 
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presence  of  a  specialized  barrier  layer  that  allows  only  essential  nutrients  to  cross  into  the 
brain,  but  not  other  substances  harmful  for  the  neurons. 

The  barrier  layer  of  the  brain  is  made  up  of  the  capillary  ECs  joined  with  the  TJ 
between  them,  which  is  the  BBB.  The  ECs  are  present  all  over  the  vasculature  structure  in 
the  brain,  hence  these  act  as  the  major  site  for  the  exchange  of  most  of  the  molecules 
through  them.  The  TJs  function  as  the  major  barrier  for  the  polar  molecules  and  they  can¬ 
not  reach  into  the  brain  without  any  help.  Therefore,  some  modification(s)  is/are  required 
to  cross  it  for  the  therapeutic  action.  The  receptor  and  carrier-mediated  pathways  in  the 
brain  endothelium  are  also  helpful  in  the  exchange  of  larger  molecules  like  protein  and 
peptides.  Ahead  of  these  pathways,  some  efflux  transporters  are  found  in  the  capillary 
endothelium  to  flux  out  the  foreign  materials  from  the  brain  environment.  The  BBB  also 
maintains  the  immune  response  in  the  brain  by  activating  the  leukocytes.  Thus,  these  bar¬ 
riers  perform  different  types  of  functions  at  the  same  time  (Abbott  and  Friedman,  2012; 
Abbott,  2013).  But,  in  several  CNS  and  systemic  pathological  conditions,  these  functions 
may  be  affected;  therefore,  the  regulation  of  signal  response  at  such  conditions  will  differ 
from  the  normal  conditions. 

Apart  from  the  TJ,  some  other  specific  cells,  with  their  specialized  functions,  are  also 
present  around  the  BBB,  like  pericytes,  astrocytes,  and  neuronal  terminals  as  shown  in 
Fig.  14.3  (Bauer  et  al.,  2014).  A  basal  lamina  is  present  in  the  surrounding  of  the  brain  ECs 
as  a  supporter  in  the  form  of  the  thin  membrane  at  the  abluminal  surface.  Hence,  some 
space  is  present  in  between  the  ECs  and  the  basal  lamina;  that  space  is  known  as 
Virchow-Robin  space.  Basal  lamina  contains  various  types  of  proteins  that  participate  in 
keeping  the  integrity  and  physiology  of  the  BBB  under  normal  and  pathological  condi¬ 
tions.  These  proteins  include  matrix  metalloproteases  and  the  tissue  inhibitors  of  metallo- 
proteases  (Bruschi  and  Pinto,  2013).  Brain  glial  cells  also  release  some  factors,  like, 
angiotensin-II,  angiopoietin-1  and  glial-derived  neurotrophic  factor,  for  regulating  the 
integrity  of  the  BBB  (Becerra-Calixto  and  Cardona-Gomez,  2017). 

Pericytes  are  present  in  between  the  astrocytes'  feet  and  capillary  ECs  in  the  basal  lam¬ 
ina  and  contribute  in  the  maintenance  and  repair  functions  of  the  BBB,  thus  play  a  signifi¬ 
cant  role  in  the  formation  of  new  blood  vessels,  that  is,  angiogenesis  (Vallon  et  al.,  2014). 
Furthermore,  pericytes  regulate  the  BBB  permeability  by  inhibiting  the  transcellular  path¬ 
way  with  the  help  of  Mfsd2a  and  PDGFR-B  expression  (Armulik  et  al.,  2010;  Ben-Zvi 
et  al.,  2014).  Astrocytes  occur  as  the  continuous  layer  with  their  foot  structure,  around  the 
blood  vessels,  and  act  as  the  restrictive  layer  for  the  substances  due  to  the  occurrence  of 
intercellular  junctions  (like  adherents  and  gap  junctions)  in  between  the  astrocytes  as 
shown  in  Fig.  14.3  (Abbott  et  al.,  2006).  Astrocytes  participate  in  the  regulation  and  expres¬ 
sion  of  various  proteins  in  the  BBB  morphology  and  directing  neurons  to  the  proper  place. 
The  neuronal  terminations  are  also  helpful  in  the  barrier  property  of  the  BBB  by  envelop¬ 
ing  the  brain  capillaries  (Burkhart  et  al.,  2015). 


14.3.3.1  Properties  of  the  BBB  ECs 

The  ECs  of  the  BBB  show  barrier  properties  due  to  the  following  specific  features  in  com¬ 
parison  to  normal  ECs:  (1)  absence  of  fenestrations,  (2)  limited  vesicles  are  available  for  the 
endocytosis,  (3)  paracellular  transport  is  absent  due  to  no  polar  channel  is  present,  (4) 
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FIGURE  14.3  Structure  of  BBB  with  TJ  and  AJ. 


metabolically  activated  cells  due  to  high  mitochondrial  activity,  and  (5)  presence  of  other 
specialized  transport  systems  (Daneman  and  Prat,  2015;  Andrews  et  al.,  2017). 

The  basal  lamina  functions  as  the  extracellular  matrix  for  the  ECs,  and  contains  several 
others  proteins  like  glycoproteins,  proteoglycans,  laminins,  collagens,  etc.  (Xu  and  Shi, 
2014).  The  physiology  and  functions  of  the  BBB  can  be  changed  with  some  alterations  in 
the  basal  lamina.  In  some  pathologic  conditions  like  inflammation  or  strokes,  the 
permeability  of  the  BBB  may  be  altered  due  to  the  BBB  disruption  (Troletti  et  al.,  2016; 
Lochhead  et  al.,  2017). 

TJ  and  adherens  junctions  (AJ)  are  the  main  protein  structure  present  between  the  ECs 
(Fig.  14.3).  TJ  acts  as  the  barrier  for  the  most  of  the  molecules,  while  AJ  participates  in  the 
controlling  and  regulating  the  ECs  connections.  In  the  BBB,  these  junctions  are  very  closely 
present  to  each  other  with  the  help  of  several  proteins  that  are  linked  together  (Tietz  and 
Engelhardt,  2015;  Zihni  et  al.,  2016).  The  proteins  are  of  two  types:  transmembrane  and 
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cytoplasmic  proteins.  The  transmembrane  proteins  are  helpful  for  the  interaction  of  the 
junctional  complex  at  the  junction  while  the  cytoplasmic  proteins  are  the  anchoring  pro¬ 
teins  for  maintaining  the  position  of  the  junction  complex.  Due  to  the  presence  of  these 
protein  structures,  the  ECs  are  very  well  connected  together  so  that  no  molecule  can  cross 
the  gap  between  them.  TJ  complex  also  creates  an  electrical  resistance  across  the  BBB, 
which  may  be  of  more  than  40,000-ohm  cm2(Williams,  2014).  TJ  and  AJ  with  their  protein 
components  are  described  in  the  following  section. 

1.  Tight  Junctions  (TJ) 

These  are  present  in  the  upper  portion  of  the  apical  surface  of  the  EC 
membranes.  These  are  made  up  of  mainly  three  transmembrane  proteins,  that  is, 
claudins,  occludins,  and  junctional  adhesion  molecules  (JAMs),  which  anchor  with 
some  cytoplasmic  proteins  like  zonula  occludens,  PDZ  motif,  etc.  Claudins  and 
occludins  have  four  transmembrane  regions  with  two  intracellular  terminations 
and  two  extracellular  loops.  Claudins  exhibit  resistive  property  to  the  ionized 
compound  by  forming  an  electrical  barrier  and  thus  block  the  paracellular 
transport  across  the  BBB.  However,  occludins  avoid  the  movement  of  unionized 
molecules  and  also  maintain  the  selective  permeability  of  the  membrane.  The 
JAMs  are  categorized  under  the  immunoglobulins  class  having  a 
transmembrane  structure  with  two  loops.  These  are  helpful  in  the  extravasation 
functioning  of  the  monocytes  present  at  the  junction  complex  (Castro  and 
Toborek,  2014;  Tenreiro  et  al.,  2016). 

2.  Adherens  junctions  (AJ) 

AJ  is  important  in  the  maintenance  of  the  junctional  complex  and  TJs.  The 
transmembrane  structures  of  the  AJs  are  the  type  of  glycoproteins,  which  fall  under  the 
vascular  endothelium  cadherin  (VE-cadherin)  class.  These  transmembrane  cadherins 
are  anchored  with  the  help  of  various  cytoplasmic  proteins,  which  include  a,  (3,  ~f- 
catenins,  and  other  proteins  of  armadillo  superfamily  (Bazzoni,  2006). 


14*3*4  Mechanism  to  Overcome  the  BBB 

The  BBB  is  a  selectively  permeable  membrane  that  gives  passage  to  lipophilic  and  some 
ionized  or  charged  molecules  across  the  cell  membrane  via  the  paracellular  transportation. 
The  transcellular  pathways  include  various  molecular  mechanisms  in  the  BBB  to  cross  the 
molecules  due  to  their  specific  structure  and  nature  as  shown  in  Fig.  14.4. 

14.3.4.1  Paracellular  Transport 

The  paracellular  transport  is  the  passive  and  concentration-dependent  transport  and 
managed  via  TJs.  The  transport  also  depends  upon  the  nature  and  permeability  of  the  TJs, 
which  is  regulated  by  the  contractility  of  the  ECs  and  diffusion  forces  across  the  cell  mem¬ 
brane.  The  diffusion  gradient  across  the  membrane  creates  a  driving  force  for  the  move¬ 
ment  of  small,  water-soluble  or  ionized  substances.  The  transport  takes  place  from  the  TJs 
and  hence,  it  is  not  very  assistive  in  most  of  the  brain-targeted  therapeutic  agents 
(Orthmann  et  al.,  2011). 
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FIGURE  14.4  Different  transport  processes  across  the  BBB. 


14.3  A.2  Transcellular  Transport 

In  the  transcellular  transport,  the  movement  of  the  molecules  across  can  occur  actively, 
that  is,  with  the  help  of  energy  or  passively,  that  is,  without  energy.  The  transport  covers  the 
diffusion  of  the  molecules  along  the  concentration  gradient,  RMT  and  CMT,  adsorption 
mediated  transcytosis  (AMT),  and  active  efflux  transport  (AET)  system  (Garg  et  al.,  2015). 

14.3.4.3  Adsorption  Mediated  Transcytosis 

The  electrical  nature  of  the  EC  membrane  is  negatively  charged,  therefore  the  positively 
charged  substances  like  histone  and  albumin  interact  electrostatically,  and  are  adsorbed 
onto  the  BBB.  The  pathway  is  used  for  targeted  brain  delivery  of  the  various  drugs  conju¬ 
gated  with  the  positively  charged  ions  and  thus  reached  effectively  at  the  site  of  action.  For 
example,  some  short  cationic  peptides,  cell-penetrating  peptides  (CPPs),  have  been  conju¬ 
gated  with  the  cargo  moiety,  which  can  interact  electrostatically  with  negative  ions  on  the 
cell  membrane  and  enhance  the  transportation  across  the  BBB  (Kristensen  et  al.,  2016). 

14.3.4.4  Receptor-Mediated  Transport 

Large  molecules,  like  proteins,  hormones,  and  other  low-density  lipoproteins,  etc.,  can 
cross  the  BBB  by  using  the  RMT  mechanism.  This  type  of  transport  includes  the  binding 
of  the  molecular  ligand  to  the  specific  receptors  present  on  the  ECs  membranes. 
Consequently,  the  endocytic  vesicles  are  formed,  which  are  engulfed  into  the  BBB  and 
release  their  content  under  the  surveillance  of  lysosome  enzymes  in  the  cytoplasm.  The 
transport  is  energy  dependent  and  also  depends  upon  the  ligand— receptor  interaction. 
Various  types  of  receptors  are  either  present  or  overexpressed  (under  certain  diseased 
conditions)  on  the  EC  membranes  that  have  been  identified  for  targeting  the  CNS  system 
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with  a  higher  rate  of  success  (Holly  and  Perks,  2006).  The  transferrin  receptor,  nicotinic 
acetylcholine  receptor,  low-density  lipoprotein  (LDL)  receptor,  insulin  receptor,  leptin 
receptor,  the  neonatal  Fc  receptor,  scavenger  receptor,  diphtheria  toxin  receptor,  and  other 
receptors  are  overexpressed  on  the  BBB  and  are  applicable  for  the  targeted  drug  delivery 

(Zhang  et  al.,  2016). 

•  Interleukin  (IL)  mediated  RMT 

Different  types  of  IL  receptors  are  present  on  the  BBB  and  brain  glioma  cells  as  the 
over  expressed  receptors.  These  receptors  include  IL-6  and  IL-4  receptors  for  targeting 
the  glioma  cells,  effectively.  IL-6  helps  in  the  proliferation  of  the  cancer  cell  with  the 
activation  of  angiogenesis  factor  thus  IL-6  ligand  cannot  be  used  as  such  for  targeting 
drug  delivery.  Shi  et  al.,  2017,  developed  a  short  peptide  sequence,  LSLITRL  (I6P8)  by 
phage  display  method  for  cancer  cell  targeting  and  inhibiting  the  cancer  growth.  They 
have  prepared  I6P8  based  doxorubicin-loaded  micelle  system  to  cross  the  BBB  and  aim  at 
the  glioma  cells,  effectively  (Shi  et  al.,  2017).  Another  study  suggested  a  peptide 
atherosclerotic  plaque-specific  peptide-1  (AP-1)  sequence  as  the  IL-4  ligand.  AP-1 
conjugated  doxorubicin-loaded  liposomes  were  formulated  and  their  antitumor  activities 
were  compared  against  the  drug  solution.  The  conjugated  formulation  showed  higher 
local  drug  concentration  and  therapeutic  efficacy  at  the  tumor  site. 

•  Transferrin  Mediated  RMT 

The  transferrin  receptor  is  a  transmembrane  receptor  that  participates  in  the 
transport  of  iron  atoms  across  the  BBB.  The  transferrin  receptors  are  overexpressed 
under  different  pathological  conditions  and  are  the  most  widely  used  receptors  for 
targeting  drug  delivery  via  RMT  (Qian  et  al.,  2002).  The  transferrin-conjugated 
nanoparticulate  system  has  been  used  for  the  delivery  of  doxorubicin  to  the  glioma  cell. 
The  study  showed  longer  survival  time  up  to  70%  when  compared  with  the  drug 
solution  in  the  tumor-bearing  mice  (Kumar  et  al.,  2007).  Other  studies  have  also 
suggested  that  the  conjugation  of  the  carrier  systems  like  nanoparticles  with  the 
transferrin  ligand  for  the  treatment  of  glioma  increases  the  accumulation  of  drug  in  the 
brain  parenchyma  by  using  transferrin  receptors  for  RMT  (Soni  et  al.,  2008;  Wiley  et  al., 
2013;  Jain  et  al.,  2015a). 

•  Aptamer-mediated  targeted  delivery 

Aptamers  are  used  as  the  oligonucleotide  moieties  to  deliver  the  drug  to  the 
targeting  site.  The  high  affinity  to  the  targeting  molecules  of  the  aptamers  is  present 
due  to  their  unique  3D-structure.  The  brain  targeting  is  achieved  with  the  selection  of 
appropriate  aptamer  for  the  targeting  molecules  present  on  the  BBB.  The  selection  of 
aptamer  carried  out  by  using  in  vivo  systematic  evolution  of  ligands  by  exponential 
enrichment  (SELEX)  for  the  appropriate  targeting  molecule  for  the  penetration  of  drug 
molecule  to  the  BBB.  However,  the  appropriate  nanoparticulate  systems  have  not  been 
successfully  developed  for  the  effective  drug  delivery  to  the  CNS.  Thus,  various 
researchers  are  trying  to  develop  an  aptamers  based  nanoparticulate  system  for  the 
brain  targeting  drug  delivery  (Cheng  et  al.,  2013). 

•  Insulin  receptor-mediated  RMT 

The  insulin  receptors  are  heterodimeric  glycoprotein  receptors,  and  regulate  various 
signaling  pathways  and  perform  many  biological  activities  (Plum  et  al.,  2005).  The 
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insulin  receptors  are  found  on  the  glial  cells  and  neurons  of  the  CNS.  Insulin  and 
antibodies  for  insulin  receptors  are  the  most  widely  studied  ligands  for  the  drug 
delivery  to  CNS  through  the  intranasal  route.  It  is  reported  that  an  antibody 
(83-14  murine  MAb)  against  the  insulin  receptor  showed  10  times  better  transport 
across  the  BBB  when  compared  with  the  carrier  moiety  with  the  transferrin  ligand 
(Dieu  et  al.,  2014). 

14.3.4.5  Carrier-Mediated  Transport 

Various  carriers  or  transport  moieties  are  present,  usually  at  the  abluminal  and  the 
luminal  side  of  the  ECs  membranes.  These  carriers  transport  the  specific  molecules  selec¬ 
tively  in  both  directions,  actively  or  passively.  In  the  CMT  system,  a  carrier  molecule  is 
required  for  the  movement  of  the  drug  or  any  endogenous  substance  in  the  brain.  There 
are  various  carrier  moieties,  like,  glucose  transporters  (GLUT-1),  amino  acid  transporters 
(LAT-1),  adenosine  transporters  (CNT-2),  monocarboxylic  acid  transporters  (MCT-1),  etc., 
found  on  the  BBB  membranes  for  a  number  of  endogenous  substances  (Khare  et  al.,  2009; 
Sanchez-Covarrubias  et  al.,  2014;  Rai  et  al.,  2015).  These  transporters  fall  into  the  category 
of  the  solute  carrier  (SLC)  gene  family,  which  performs  efflux  and  influx  of  the  substances. 
Deoxy-D-glucose  modified  nanoparticles  have  been  developed  that  show  the  dual  func¬ 
tionality  of  the  system,  that  is,  one  is  the  enhancement  of  GLUT  mediated  transport  from 
the  BBB  and  the  other  is  the  targeting  of  glioma  cells  via  overexpressed  glucose  trans¬ 
porter  (Jiang  et  al.,  2014;  Gajbhiye  et  al.,  2017). 

•  Monocarboxylic  Acid  Transporter  (MCT-1) 

MCT  is  the  transporter  moiety  on  the  BBB  for  the  transport  of  monocarboxylate 
substances,  like  lactate,  pyruvate.  These  substances  provide  the  energy  to  the  brain 
under  the  metabolic  process.  The  level  of  MCT-1  transporters  may  be  altered  in 
different  physiologic  conditions.  These  transporters  could  be  helpful  for  the  drug 
delivery  to  CNS  with  a  monocarboxylate  group-containing  substance.  Some  drugs  that 
contain  the  monocarboxylate  group  like  lovastatin  acid  simvastatin  acid  and 
pravastatin,  are  transported  in  the  brain  by  passive  diffusion  as  well  as  a  pH-dependent 
MCT-1  transporter  (Vijay  and  Morris,  2014). 

•  Amino  Acid  Transporters  (LAT-1) 

The  LAT-1  is  a  SLC  type  transporter  and  is  heterodimeric  in  nature  due  to  the 
availability  of  heavy  chain  of  cell  surface  antigens  (F2hc).  The  transporter  mainly 
presents  on  the  BBB  and  bulkier  chain  containing  L-amino  acids  are  transported 
through  them.  The  LAT-1  has  a  high  transportability  and  affinity  for  the  various 
substances  that  mimic  the  endogenous  substrate  of  the  transporter  and  helpful  in  drug 
delivery  to  the  CNS  (Bhunia  et  al.,  2017).  The  amino  acid  transporters  are  also 
dependent  on  various  factors  like  nature,  size,  and  charge  of  the  amino  acid  sequence. 
Various  types  of  drugs  have  been  used  for  the  treatment  of  different  types  of  brain 
disorders  by  using  the  mimicking  structure  of  L-amino  acids  that  are  transported  into 
the  brain  through  the  MCT-1.  These  drugs,  including  melphalan  for  treatment  of  brain 
tumor,  baclofen  as  the  muscle  relaxant,  1-DOPA  for  Parkinson's  disorder,  and 
gabapentin  for  epilepsy  treatment,  have  a  similar  structure  as  the  LAT-1  substrates 
(Chen  et  al.,  2015;  Mandal  et  al.,  2017;  Varghese  et  al.,  2018). 
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14.3.4.6  Inhibition  of  Active  Efflux  Transport 

This  is  the  defense  and  a  regulative  transport  system  for  protecting  the  brain  environ¬ 
ment  and  neurons  from  the  foreign  substance  and  efflux  out  from  the  brain  environment 
to  the  blood  vessels  by  using  energy.  The  substances  are  effluxed  out  by  the  transport  sys¬ 
tem  from  the  abluminal  or  brain  parenchyma  to  the  systemic  circulation.  Many  of  the 
drugs  may  cross  the  BBB,  but  most  of  them  are  not  very  effective,  due  to  their  therapeutic 
levels  are  lowered  by  the  efflux  out  by  the  transporter.  Therefore,  the  inhibition  of  these 
efflux  transports  is  important  for  targeting  the  therapeutic  agent  at  the  site  of  action  for 
the  desired  therapeutic  effects  in  the  brain  environment.  Multidrug  resistance  may  be 
developed  due  to  the  efflux  action  of  the  transporters  and  as  a  result,  inhibiting  the  thera¬ 
peutic  effect  of  various  drugs  include,  anticancer  drugs,  immunomodulators,  suppressors, 
antibiotics,  antiepileptic  agents,  etc.  (Loscher  and  Potschka,  2005). 

14.3.4.7  Cell-Penetrating  Peptides-Related  Transport 

The  peptide-mediated  drug  delivery  has  been  developed  as  a  more  efficacious  and  less 
toxic  targeting  tool  for  the  treatment  of  various  brain  disorders.  The  peptides  have  also  the 
capability  of  inhibiting  the  rapid  efflux  of  the  drug  from  the  brain  environment.  Various 
nanoformulations  have  been  successfully  developed  as  the  peptide-conjugated  carrier  sys¬ 
tem.  Malakoutikhah  et  al.  defined  that  peptides  function  as  the  BBB  shuttle  for  the  RMT  of 
the  drug  across  the  BBB  (Malakoutikhah  et  al.,  2008).  CPPs  were  selected  as  the  transport 
molecule  for  the  drug  across  the  BBB  and  isolated  from  HIV.  The  transactivating- 
transduction  (TAT)  peptide-conjugated  with  liposomes  showed  2.5  times  more  accumula¬ 
tion  than  the  plain  liposomes  (Gao,  2016).  TAT-conjugated  chitosan  nanoparticles  used  for 
the  enhanced  gene  delivery  across  the  BBB.  Some  other  CPPs,  like  octaarginine,  exhibited 
a  high  capacity  for  the  targeting  drug  delivery  to  the  CNS.  The  latest  studies  have  shown 
that  about  50  fatty  acids  in  the  cell  membrane  participate  in  the  CPP  mediated  transport. 
Thus,  biligand  targeting  method  was  more  effective  when  compared  with  single  peptide 
ligand  (Kang  et  al.,  2014). 

14.3.4.8  EPR  Effect-Based  Strategies  and  Related  Drug  Delivery  Systems 

The  drug  delivery  via  EPR  based  strategy  has  fallen  under  the  category  of  passive  drug 
targeting  approach.  The  tumor  vasculature  is  leaky  in  nature;  hence  more  drug  enters  the 
cancer  site  with  improved  retention  and  permeability  effect.  The  nanocarrier  systems  have 
the  suitable  size  to  enter  into  the  tumor  tissue  from  the  gaps  between  the  ECs.  Thus,  these 
systems  offer  a  passive  strategy  for  the  treatment  of  glioma  or  brain  disorders  in  an  effec¬ 
tive  manner  through  EPR  effects  (Huang  et  al.,  2013a). 

14.3.4.9  Lowered  Extracellular  pH 

The  extracellular  pH  (pHe)  of  the  tumor  cells  is  slightly  acidic  due  to  the  higher  glycoly¬ 
sis  rate  in  the  cells.  The  pHe  may  be  differing  from  tumor  to  tumor,  which  depends  on  the 
size,  location,  and  histology  of  the  tumor  tissues  (Zhang  et  al.,  2010).  Currently,  the  low¬ 
ered  pH  of  the  brain  tumor  cells  has  been  utilized  for  targeting  drug  delivery.  Some  scien¬ 
tists  have  used  CPP  with  the  pH-sensitive  peptide  and  matrix  metalloproteinase-2  (MMP- 
2)  substrate  for  the  preparation  of  tumor-targeted  nanocarrier  system.  The  modified 
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system  was  present  in  a  better  concentration  at  the  glioma  site  and  showed  higher  cytotox¬ 
icity  to  tumor  cells  in  contrast  to  normal  cells  (Huang  et  al.,  2013b). 

14.3.4.10  Angiogenesis  Targeted  Delivery 

Angiogenesis  is  the  formation  of  new  blood  vessels  from  the  preexisting  vessels.  This  is 
an  important  step  for  the  development  and  metastasis  of  tumor  cells.  The  glioma  targeting 
strategy  has  been  successfully  developed  using  antiangiogenic  substances.  Epidermal 
growth  factor  and  integrin  receptors  are  greatly  overexpressed  on  the  neovasculature  of 
the  tumor  cells.  Thus,  the  receptors  used  as  the  tumor-targeted  receptors  for  the  effective 
treatment  of  brain  tumor  cells.  The  RGD  peptide-modified  carrier  system  has  been  used 
for  the  brain  drug  delivery  using  integrin  receptors  (Chen  et  al.,  2017).  The  pericytes  are 
associated  with  the  angiogenesis  process  participated  in  the  signaling  pathway  with  the 
ECs.  Hence,  the  priests  could  also  be  served  as  the  targeting  sites  for  the  cancer  treatment. 
The  NG2  proteoglycan  receptors  are  expressed  on  the  tumor  pericytes,  targeted  with  the 
anticancer  drug-loaded  TH10  peptide-modified  nanocarrier  system.  The  modified 
system  exhibited  better  antiangiogenic  and  antitumor  efficacy  on  the  tumor-bearing  mice 
(Guan  et  al.,  2014). 

14.3.4.11  Chemical  Compounds  Enhanced  BBB  Permeability 

Some  chemical  compounds,  like  borneol,  alkylglycerols,  are  useful  in  the  temporary 
opening  of  the  BBB.  Borneol  is  a  traditional  Chinese  medicine  that  can  increase  the  mem¬ 
brane  permeability,  comprising  of  BBB,  mucosa,  and  skin.  Zhanget  al.  used  borneol  orally 
along  with  huperzine  loaded  nanoparticles  for  the  treatment  of  AD.  They  concluded  that 
coadministration  of  the  borneol  and  nanoparticles  showed  twice  the  concentration  in  the 
brain  tissues  with  regard  to  solely  administered  nanoparticles  (Zhang  et  al.,  2013). 
Another  group  developed  alkylglycerol  modified  poly  (lactic  acid)  nanoparticles  and  com¬ 
pared  them  with  the  unmodified  nanoparticles  for  brain  targeting.  The  BBB  opening 
depends  upon  the  concentration  of  alkylglycerols;  thus,  concentration  and  administration 
need  to  be  optimized  (Toman  et  al.,  2015). 

14.3.4.12  Receptor-Involved  Changing  ofTJ 

TJ  is  a  very  important  feature  for  maintaining  the  structural  integrity  of  the  BBB. 
Alteration  in  the  TJ  causes  a  change  in  the  permeability  of  the  BBB  that  may  be  useful  for 
the  targeting  delivery  of  drug  to  the  CNS.  G-protein  coupled  receptors,  like  adenosine 
receptors,  are  useful  for  drug  delivery  to  treat  various  brain  disorders.  The  adenosine 
receptors  may  be  of  four  types,  Al,  A2A,  A2B,  and  A3.  Substrates  that  are  agonist  to  the 
Al  and  A2A  receptors  are  responsible  for  the  enhancement  of  permeability  of  the  BBB. 
Lexiscan,  an  agonist  of  A2A,  could  alter  the  expression  of  TJ  proteins  and  change  the 
integrity  of  the  BBB,  hence  improve  in  the  permeability  for  various  macromolecules  and 
drugs  across  the  BBB  (Carman  et  al.,  2011;  Sachdeva  and  Gupta,  2013). 

14.3.4.13  Focused  Ultrasound 

Ultrasound  wave  is  an  energy  wave  that  can  increase  the  BBB  permeability  by  the  tem¬ 
porary  disruption.  Various  types  of  gas  microbubbles  were  used  for  the  focusing  of  the 
ultrasound  waves  and  causing  BBB  disruption.  Thus,  the  focused  ultrasound  (FUS) 
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technique  has  been  developed  as  a  targeting  strategy  for  the  drug  delivery  to  the  CNS. 
Some  studies  have  suggested  that  enhancement  of  gold  nanoparticles  in  the  CNS  was 
observed  by  using  FUS  (Etame  et  al.,  2012). 


14.3.4.14  Agglutinant-Mediated  Transport 

The  brain  targeting  strategy  using  the  intranasal  pathway  includes  agglutinant- 
mediated  drug  delivery,  as  some  sugar  groups  are  highly  expressed  on  to  the  olfactory 
mucosa.  Agglutinins  are  the  substrate  for  the  various  sugar  groups  like  L-fucose,  acetyl- 
glucosamine,  and  initiate  the  endocytosis  process.  Gao  et  al.  (2007),  developed  wheat  germ 
agglutinin  (WGA)  modified  polymeric  nanoparticles  for  AD  treatment  through  the  intra¬ 
nasal  route.  The  study  indicated  that  these  modified  nanoparticles  reached  brain  tissues  in 
twice  the  concentration  as  compared  with  the  unmodified  nanoparticles  (Gao  et  al.,  2007). 
Some  others  agglutinins,  like  odorranalectin,  Solanumtuberosum  lectin,  and  ulexeuropeus 
agglutinin  I  (UEA  I),  were  also  used  for  the  targeting  the  CNS  using  intranasal  pathway 
(Wu  et  al.,  2012;  Chen  et  al.,  2012a). 


14*4  EFFLUX  MECHANISMS  IN  DRUG  TRANSPORT  TO  THE  BRAIN 


The  BBB  and  blood— cerebrospinal  fluid  barriers  (BCSFB)  help  in  keeping  the  homeosta¬ 
sis  condition  of  the  brain  by  shielding  the  brain  from  potentially  injurious  exogenous  and 
endogenous  substances.  With  the  presence  of  5000  times  greater  surface  area  of  BBB  than 
the  BCSFB,  it  is  well  thought  to  be  the  major  route  involving  the  uptake  of  different  sub¬ 
stances  (Di  and  Kerns,  2015).  The  BBB  has  different  drug  efflux  transporters,  which  hin¬ 
ders  the  ability  of  numerous  drugs  to  cross  into  the  brain. 

ATP-binding  cassette  (ABC)  gene  family  is  mainly  concerned  with  the  efflux  drug  trans¬ 
port  and  thus  plays  a  significant  function  in  its  distribution  and  elimination  from  the  CNS. 
They  are  of  three  types  mainly  and  are  named  as  (1)  P-glycoprotein  (P-gp,  expressed  by 
gene  ABCB1),  (2)  the  multidrug  resistance  protein  1  (MRP1,  expressed  by  gene  ABCCT), 
and  (3)  the  breast  cancer  resistance  protein  (BCRP,  expressed  by  gene  ABCG2 ) 
(Sodani  et  al.,  2012). 


14*4*1  P-Glycoprotein 

The  efflux  transporter  P-gp  is  involved  in  the  active  transport  of  the  lipophilic  drugs 
and  molecules  out  of  capillary  ECs  of  the  brain.  These  capillary  ECs  are  useful  in  the  for¬ 
mation  of  the  BBB.  P-gp  is  situated  within  both  of  the  intestines  as  well  as  the  BBB.  Thus, 
it  plays  a  dynamic  task  in  the  bioavailability  of  drugs  that  are  administered  orally,  for  the 
management  of  different  neurodegenerative  disorders.  The  drug  molecules  used  for  the 
treatment  of  CNS  related  disorders  must  be  able  to  bypass  the  P-gp  efflux  pump  both  at 
the  intestinal  as  well  as  BBB  levels  to  reach  effective  concentrations  in  the  brain 
(Hoosain  et  al.,  2015). 
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14*4*2  Multidrug  Resistance-Associated  Protein 

MRP,  a  190  kDa  protein,  is  a  member  of  the  ABC  transporter  proteins  that  contributes 
to  lower  drug  accumulation  and  is  considered  similar  to  P-gp.  MRP  participates  in  drug 
efflux  and  its  downregulation  causes  a  reduction  in  the  transport.  It  shows  the  reduced  or 
diminished  analgesic  response  when  administered  intracerebroventricularly  from  opioids 
(Su  and  Pasternak,  2013).  It  is  responsible  for  the  hindering  the  influx  of  drug  from  the 
blood  into  the  brain  and  enhancing  the  efflux  of  drugs  from  the  brain  to  the  blood.  MRP  is 
accountable  for  the  movement  of  compounds  from  the  brain  to  the  periphery.  Among  the 
MRP,  Mrp4,  which  is  present  at  the  luminal  site  of  the  BBB,  restricts  the  entry  of  different 
drugs  such  as  raltitrexed  and  methotrexate  into  the  brain  across  the  BBB,  which  is  likely  to 
be  facilitated  by  some  uptake  transporters  (Akanuma  et  al.,  2010;  Kanamitsu  et  al.,  2017). 


14*4*3  Breast  Cancer  Resistance  Protein  (BCRP) 

It  is  the  member  of  the  ABC  transporter  superfamily  and  is  a  655-amino  acid  peptide.  It 
shows  resistance  to  various  drugs  such  as  mitoxantrone,  methotrexate,  and  topotecan  by 
extruding  these  compounds  out  of  the  cell.  The  absorption  of  drugs  and  xenobiotics,  their 
tissue  distribution,  and  elimination  are  greatly  affected  by  the  presence  of  the  BCRP  (Ni 
et  al.,  2010).  BCRP  has  been  approved  by  the  FDA  and  is  important  in  drug  transporters 
involved  in  the  relevant  drug  disposition  clinically.  BCRP  is  also  present  in  some  other 
normal  cells  like,  gut,  placenta,  bile  canaliculi,  liver,  blood— testis  and  helps  in  defense 
against  many  drugs,  xenobiotics,  and  toxins.  They  limit  the  absorption  by  facilitating  the 
excretion  of  noxious  moieties,  along  with  numerous  cancer  chemotherapeutic  drugs 
(Natarajan  et  al.,  2012). 

Other  non- ABC  types  of  transporters  are  also  present  in  the  EC  membranes  for  move¬ 
ment  of  the  ions  across  the  membranes,  which  include  organic  anion  transporters  (OATs) 
because  they  do  not  use  ATP  for  their  functioning.  The  movement  of  ions  occurs  under 
the  influence  of  the  concentration  gradient  and  thus,  may  be  either  in  both  directions. 
Some  organic  anions  like  amino-hippurate  and  some  drugs  like  penicillin  and  azidothymi- 
dine  are  effluxed  from  the  CSF  to  blood  by  these  anion  transporters  (Deo  et  al.,  2013; 
Salunkhe  et  al.,  2015). 

Therefore,  there  is  the  need  of  development  of  such  carrier  system  that  may  pass 
through  the  ECs  to  the  CSF  by  using  the  CMT  or  RMT  system  while  inhibiting  the  AET 
system,  so  that  the  maximum  therapeutic  effect  will  be  observed  for  the  treatment  of  brain 
ailments. 


14*5  PHYSIOLOGICAL  FACTORS  AFFECTING  BRAIN  UPTAKE 


14*5*1  Nature  of  Molecules 

Small  and  lipophilic  drug  molecules  can  cross  the  BBB  via  passive  diffusion  process. 
Lipid  solubility  is  a  crucial  parameter  for  the  passive  diffusion  of  various  drugs  across  the 
BBB.  A  prodrug  or  chemical  alteration  concept  of  the  drug  could  be  used  as  a  method  to 
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increase  lipophilicity  or  stabilize  the  drug.  For  the  molecule  to  have  the  good  CNS  perme¬ 
ability  the  log  P  value  should  be  in  the  range  of  1.5— 2.5  (Lu  et  al.,  2014;  Jain  et  al.,  2017). 


14*5*2  Brain-to-Blood  Efflux  Systems 

The  efflux  transport  system  of  the  brain  has  the  potential  impression  on  the  pharmaco¬ 
logically  active  agents  that  act  on  the  CNS.  The  drug  should  be  able  to  penetrate  through 
the  barriers  to  attain  the  necessary  amount  required  for  the  desired  pharmacological  result 
(Kesharwani  et  al.,  2016).  The  active  influx  or  efflux  systems  of  the  barriers  and  drug 
metabolism  affect  the  entry  of  many  drugs  across  the  brain. 


14*5*3  Enzymatic  Activity 

The  presence  of  various  enzymes  also  affects  the  drug  transport  to  the  brain,  for  example, 
enzyme  CYPs  (cytochrome  P450s)  metabolize  the  most  of  the  drugs  and  subsequently,  the 
metabolic  product  is  effluxed  out  from  the  brain.  The  enzyme  action  is  also  responsible  for 
the  conversion  of  active  drug  into  the  nontherapeutic  transitional  compound  (Abbott,  2013). 


14*5*4  Plasma  Protein  Binding 

Plasma  protein  is  considered  to  be  a  significant  factor  for  the  drug  action  as  its  binding 
with  the  drug  can  have  an  effect  on  distribution,  which  in  turn  affects  the  pharmacological 
activity.  This  binding  influences  the  magnitude  of  free  drug  concentration  available  in  the 
blood  circulation  to  be  delivered  to  the  brain.  Albumin  is  the  chief  protein  of  serum  and 
binds  to  a  variety  of  drugs  and  reduces  free  drug  concentration  in  plasma  to  be  trans¬ 
ported  into  the  brain  (Smith  et  al.,  2001).  Drugs  can  bind  to  nontransporters  in  a  larger 
amount  causing  the  drug  ineffective.  These  drugs  are  not  available  to  the  brain,  thus  their 
transportation  and  delivery  across  the  BBB  are  not  achieved.  Only  peptides  and  proteins 
of  molecular  weights  of  more  than  600  Da  can  cross  the  BBB  in  amounts  sufficient  to  show 
effect  on  the  CNS  (Upadhyay,  2014). 


14*5*5  Cerebral  Blood  Flow  (CBF) 

The  diffusion  of  a  molecule  across  the  BBB  depends  upon  the  cerebral  blood  flow,  for 
example,  glucose.  Cerebral  blood  flow  (CBF)  explains  the  rate  of  drug  uptake  across  the 
barriers  in  the  brain.  CBF  is  dynamic  under  the  influence  of  different  cells  that  are  depen¬ 
dent  on  the  metabolism  of  the  CBF.  The  CBF  substantially  may  change  or  show  no  effect 
on  the  movement  of  the  drug  across  the  BBB.  A  decrease  in  CBF  may  result  in  a  decrease 
in  the  uptake  of  the  drug.  For  example,  donepezil  uptake  is  decreased  by  a  decrease  CBF 
while  the  uptake  of  the  ligo-phosphorothioate  is  not  affected  (Banks,  2012). 

Apart  from  these  factors,  there  are  many  factors  that  seem  to  have  a  crucial  role  to  pass 
through  the  BBB  and  play  a  significant  character  in  drug  delivery.  These  include  the  bar¬ 
rier  permeability,  functional  groups,  composition  of  ISF  or  CSF  and  alteration  on  ionic  and 
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Transport  Mechanisms  at  the  BBB  Examples  or  Gate 

Reference 

Paracellular  diffusion 

Sucrose 

Dalvi  et  al.  (2014) 

Transcellular  diffusion 

Ethanol 

Ozdemir  et  al.  (2017) 

Ion  channel 

K+  gated 

Waszkielewicz  et  al.  (2013) 

Ion-symport  channel 

Na  +  /K  +  /Cl-  cotransporter 

Gamba  and  Friedman  (2009) 

Ion-antiport  channel 

Na  +  /H  +  exchange 

Ficai  and  Grumezescu  (2017) 

Facilitated  diffusion 

Glucose  via  GLUT-1 

Cura  and  Carruthers  (2012) 

Active  efflux  pump 

P-glycoprotein 

Hoosain  et  al.  (2015) 

Active-antiport  transport 

Na  +  /K  +  ATPase 

Ficai  and  Grumezescu  (2017) 

Adsorptive  mediated  transcytosis 

Histone,  avidin,  cationized  albumin 

Morishita  and  Park  (2016) 

Receptor-mediated  endocytosis 

Transferrin  &  insulin,  leptin,  IGF-I  &  IGF-II 

Pardridge  (2006) 

Carrier-mediated  efflux 

Peptide  transport  system  (PTS)-l,  ABC 
(ATP-binding  cassette),  lipid  soluble  drugs 

Wohlfart  et  al.  (2012) 

molecular  surfaces,  relative  size,  existence  of  charge  on  molecules,  closing  and  the  opening 
of  ion  channels,  etc.  (Upadhyay,  2014)  (Table  14.1). 


14.6  STRATEGIES  FOR  DRUG  DELIVERY  TO  BRAIN 

On  oral  and  intravenous  (i.v.)  administration,  only  the  small  numbers  of  the  drugs  are 
capable  of  crossing  the  BBB.  These  types  of  administration  have  been  associated  with 
severe  side  effects  and  toxicity.  To  deliver  the  therapeutic  amount  of  drugs  inside  the 
brain  and  minimizing  the  side  effects,  it  becomes  necessary  to  design  and  develop  the  spe¬ 
cific  strategies  for  the  drug  delivery  to  the  brain  (Soni  et  al.,  2004).  The  various  strategies 
exploited  by  various  scientists  for  the  targeted  delivery  of  drug  to  the  brain  are  discussed 
below  (Fig.  14.5). 


14.6*1  Invasive  Methods 

14.6.1.1  Intracerebral  Delivery 

Intracerebral  delivery  involves  the  direct  administration  of  the  drugs  in  the  brain  with  or 
without  convection-enhanced  delivery.  Intracerebral  delivery  offers  the  localized  and  con¬ 
trolled  drug  delivery  in  the  brain.  This  type  of  delivery  bypasses  the  BBB  and  provides  a 
higher  concentration  of  drug  in  the  CSF.  It  is  more  effective  than  standard  systemic  chemo¬ 
therapy.  It  also  offers  the  delivery  of  wide  varieties  of  drugs  into  the  brain  to  treat  various 
neuropathological  conditions.  Intracerebral  delivery  with  convection-enhanced  delivery 
enhances  the  diffusion  of  drugs  or  nanocarriers  across  the  BBB.  Convection-enhanced 
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FIGURE  14.5  Strategies  for  brain-targeted  drug  delivery. 

intracerebral  delivery  of  cisplatin  combined  with  photon  irradiation  significantly  enhanced 
the  survival  of  rats  bearing  F98  glioma  (Rousseau  et  al.,  2010).  It  has  been  also  investigated 
that  delivery  of  nanoliposomal  irinotecan  with  radiation  shows  better  survival  benefit  than 
only  irinotecan  or  radiation  or  radiation  with  irinotecan  (Chen  et  al.,  2012b). 

14.6.1.2  Intraventricular/Intrathecal/Interstitial  Delivery 

These  methods  have  been  broadly  applicable  to  treat  various  CNS  diseases. 
Intraventricular  type  of  delivery  involves  the  infusion  of  drugs  directly  into  the  CSF  with 
the  help  of  a  plastic  reservoir  known  as  the  ommaya  reservoir.  The  reservoir  is  subcutane¬ 
ously  implanted  in  the  scalp  and  connected  to  the  ventricles  inside  the  brain.  The  drug 
solution  has  been  directly  delivered  to  the  ventricles  by  using  the  implanted  reservoir.  To 
treat  AD,  the  intraventricular  injection  of  antiamyloid  beta  peptide  (Abeta)  antibody  has 
been  developed  in  animal  models  (Chauhan  et  al.,  2001;  Lichtor,  2017). 

In  intrathecal  administration,  the  drug  is  administered  directly  into  the  CSF  with  the 
help  of  an  injection  into  the  spinal  canal  or  into  the  subarachnoid  space.  For  intrathecal 
chemotherapy,  currently,  cytarabine,  methotrexate,  thiotepa,  and  hydrocortisone  have 
been  licensed  (Ineichen  et  al.,  2017).  In  interstitial  delivery,  the  drug  is  directly  delivered 
to  the  interstitial  spaces  of  the  brain.  This  type  of  delivery  has  provided  a  high  concentra¬ 
tion  of  drug  in  the  CNS  with  minimal  systemic  exposure.  The  interstitial  biodegradable 
carmustine  wafers  have  been  increasing  the  marginal  survival  benefits  in  patients  with 
malignant  gliomas  (Tseng  et  al.,  2016).  But  certain  limitations,  that  is,  CNS  infection,  cathe¬ 
ter  obstruction,  inadequate  drug  distribution,  etc.,  have  associated  with  these  types  of 
delivery. 
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14.6.1.3  Blood-Brain  Barrier  Disruption 

The  BBB  disruption  is  the  ubiquitous  method  applicable  to  enhance  the  delivery  of 
drugs  into  the  CNS.  The  method  directly  allows  the  access  of  drug  moiety  into  the  brain 
from  the  circulatory  system  (Zhang  et  al.,  2016).  Osmotic  disruption,  magnetic  disruption, 
and  ultrasound  disruption  are  some  methods  used  for  the  disruption  of  the  barrier. 
Mannitol  can  be  commonly  employed  to  disrupt  the  BBB.  After  injection,  the  concentra¬ 
tion,  speed  of  administration,  and  retention  time  of  mannitol  affect  the  BBB  opening 
(Boockvar  et  al.,  2011).  Mannitol  disrupts  the  BBB  by  the  dehydration  of  the  vascular  ECs, 
causing  shrinkage  and  disruption  of  the  TJ.  Mannitol  as  well  as  other  materials,  that  is, 
urea,  fructose,  milk  amide,  glycerol,  Arabia  sugar,  etc.,  can  also  open  the  BBB  by  inducing 
high  osmotic  pressure.  The  disruption  of  the  BBB  allows  the  required  high  molecular 
weight  substances  into  the  brain,  but  some  toxic  and  harmful  substances  will  also  enter  in 
the  brain  and  affects  its  normal  functioning,  but  if  a  high  amount  of  hypertonic  solution  is 
used,  it  could  lead  to  damage  of  the  brain  (Kozler  and  Pokorny,  2012). 

14.6.1.4  Implants 

Implants  are  used  to  achieve  therapeutic  drug  concentration  over  the  entire  duration  of 
treatment  in  a  programmable  controlled  manner.  In  malignant  brain  tumors,  the  use  of 
implant-based  direct  surgical  delivery  of  the  chemotherapeutic  agent  is  advantageous  for 
the  delivery  of  drugs  in  a  sustained  manner  and  for  a  long  duration.  A  biocompatible 
ethylene-vinyl  acetate  copolymer  matrix  system  has  been  reported  for  the  sustained  and 
controlled  release  of  dopamine.  Carmustine  polymer  wafers  are  FDA  approved  products 
and  used  for  the  malignant  glioma  treatment  (Pereira  et  al.,  2014). 

With  emerge  of  nanotechnology,  nowadays,  miniature  sized  implants  have  also  been 
employed  for  the  treatment  of  brain-related  disorders.  In  the  miniature  sized  implants,  the 
whole  system  is  minimized  and  the  invasive  implantable  form  factor  is  also  minimized. 


14*6*2  Noninvasive  Methods 

14.6.2.1  Modification  of  the  Existing  Drugs 

1.  Lipophilic  analogs 

Lipid  solubility  plays  an  important  role  in  passive  diffusion  across  the  BBB.  The 
drug  may  be  converted  into  the  high  lipophilic  moiety  with  some  chemical  changes, 
enhancing  their  diffusion  across  the  BBB.  Lipid  analogs  are  synthesized  by  the 
attachment  of  lipid  groups  (lipidization)  to  the  polar  end  of  drug  molecules.  For 
example,  a  derivative  of  morphine,  heroin,  is  more  lipophilic,  and  shows  about  a 
hundred  times  higher  permeability  than  the  parent  drug,  that  is,  morphine.  It  has  been 
reported  that  the  lipophilicity  of  drug  is  directly  related  to  the  cerebrovascular 
permeability.  But  this  strategy  is  not  always  true  in  terms  of  drug  activity  as  through  a 
quantitative  structure-activity  relationship  (QSAR)  study,  it  has  been  determined  that 
the  anticancer  efficacy  of  the  series  of  nitrosoureas  lipophilic  analogs  has  been  inversely 
related  to  their  lipophilicity.  This  is  because  the  more  lipid  soluble  analog  has  a 
minimum  solubility  in  aqueous  plasma,  causing  less  amount  of  drug  available  for 
diffusion  into  CNS  leading  to  less  activity  (Varsha  et  al.,  2014). 
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2.  Prodrugs 

Prodrugs  are  pharmacologically  inactive  compounds  consisting  of  drugs  covalently 
attached  to  an  inactive  moiety.  Prodrugs  become  active  after  metabolism  in  the  body 
and  are  used  to  improve  the  pharmacokinetic  properties  in  comparison  to  the  drug. 
Prodrugs  enhance  the  penetration  of  the  drug  through  the  BBB  by  the  attachment  of  the 
inactive  chemical  moieties  that  increase  the  lipophilicity  of  the  drug.  This  approach  was 
successfully  employed  to  increase  the  morphine  diffusion  in  the  CNS  by  deacetylation 
of  the  morphine.  Prodrugs  of  chlorambucil,  an  anticancer  drug,  were  also  prepared  to 
enhance  the  drug  delivery  to  the  brain  (Singh  et  al.,  2014).  Chlorambucil-tertiary  butyl 
ester  (prodrug  of  chlorambucil)  has  been  increasing  the  brain  delivery  of  chlorambucil 
but  the  anticancerous  activity  has  not  been  found  to  be  superior  to  chlorambucil  in  a 
disease  model.  These  findings  indicate  that  the  increased  lipophilicity  is  not  the  only 
criterion  to  get  enhanced  CNS  activity.  So  before  forming  the  prodrugs,  the  molecular 
properties  of  the  parent  molecule  should  also  be  considered  for  success. 

3.  Chemical  drug  delivery 

The  chemical  drug  delivery  concept  has  developed  from  the  prodrug  model.  This 
involves  the  production  of  drug  molecules  as  the  inactive  chemical  moieties  in  one  or 
more  steps.  The  newly  developed  moieties  serve  as  a  targeting  moiety  and  enhance  the 
lipophilicity  of  the  drug  molecules.  These  two  approaches  (chemical  modification  and 
prodrug  concept)  pull  apart  from  each  other  as  chemical  modification  requires  only  a 
single  step  for  activation  while  prodrug  requires  multiple  steps. 

14.6.2.2  Nano  formulations  Mediated  Brain  Drug  Delivery 

1.  Liposomes 

Liposomes  are  the  phospholipid  bilayer  vesicles  consisting  of  aqueous  core  and 
lipid  layers.  They  can  encapsulate  both  lipophilic  (in  phospholipid  bilayer)  and 
hydrophilic  (in  aqueous  core)  drugs.  (Bansal  et  al.,  2016;  Zishan  et  al.,  2017).  The 
plasma  circulation  time  of  the  conventional  liposomes  can  be  extended  either  by 
reducing  the  vesicle  size  below  200  nm  or  by  the  surface  alteration  with  polyethylene 
glycol  (PEG)  (i.e.,  stealth  liposomes).  These  vesicles  are  found  to  be  applicable  in  the 
drug  delivery  to  the  brain  by  the  modification  of  the  surface  via  various  moieties  (Soni 
et  al.,  2010;  Jhaveri  and  Torchilin,  2017).  Conventional  liposomes  have  been  easily 
eliminated  by  the  RES  uptake  leading  to  low  plasma  circulation  time.  The  extended 
plasma  circulation  time  can  be  attained  either  by  minimizing  the  particles  size  up  to 
100  nm  or  by  enhancing  the  hydrophilicity  (i.e.,  stealth  liposomes)  of  the  liposomes. 
When  the  targeting  moieties  are  attached  to  the  liposome  surfaces,  the  brain  uptake  is 
also  enhanced. 

It  has  been  reported  that  the  transferrin-coupled  liposomes  selectively  increase  the 
influx  of  the  drug  in  the  brain  as  compared  with  uncoupled  liposomes  (Soni  et  al., 
2005a,b,  2008).  It  was  investigated  that  the  glycosylated  liposomes  can  pass  through 
the  BBB  via  transcytosis  (Harbi  et  al.,  2016).  Y  shaped  multifunctional  ligand  (c 
(RGDyK)-pHA-PEG-DSPE)  incorporated  doxorubicin  entrapped  liposomes  has  been 
investigated  for  the  treatment  of  glioma.  It  has  been  found  that  the  inclusion  of  c 
(RGDyK)-pHA-PEG-DSPE,  increases  the  cellular  uptake  of  liposomal  formulation  in 
various  brain  cell  lines,  that  is,  U87  cells,  HUVECs,  and  bEnd.3  (Belhadj  et  al.,  2017). 
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Transferrin  modified  vincristine  plus  tetrandrine  liposomes  have  been  investigated  for 
the  glioma  treatment.  It  has  been  suggested  that  transferrin  modified  liposomes 
enhance  the  movement  through  the  BBB  and  improve  the  cellular  uptake  (Song  et  al., 
2017).  Low-density  lipoprotein-related- 1  (LRP1)  receptors  are  highly  expressed  on  the 
BBB  in  addition  to  glioma  cytomembranes.  Angiopep-2,  a  ligand  for  LRP1  and  TAT 
peptide  dual  modified  doxorubicin  liposomes,  has  penetrated  the  BBB  and  entered 
into  glioma  cells  (Han  et  al.,  2017).  The  sertraline  (selective  serotonin  reuptake 
inhibitor)  loaded  glycosylated  liposomes  showed  higher  brain  uptake  due  to  the 
presence  of  GLUT1  receptors  on  the  BBB. 

The  conjugation  of  pegylated  liposomes  with  glutathione  (GSH)  (G-Technology)  has 
been  reported  to  enhance  delivery  of  encapsulated  drugs  to  the  brain.  The  liposomal 
uptake  has  occurred  by  the  process  of  endocytosis.  The  degree  of  GSH  conjugation  to 
the  pegylated  liposomes  also  influences  the  brain  delivery.  The  uptake  mechanism  of 
GSH-PEG  targeted  and  nontargeted  liposomes  have  been  understood  by  human  brain 
ECs  (hCMEC/D3)  incubated  with  GSH-PEG  targeted  and  nontargeted  PEG 
fluorescent  liposomal  FD4  (Fig.  14.6).  The  signals  are  analyzed  with  the  help  of  FACS, 
in  FL1  +  FL2-scatter.  The  GSH-PEG  targeted  liposomes  have  shown  higher  uptake 
when  compared  with  PEG-liposomal  FD4.  The  uptake  of  GSH-PEG  targeted 
fluorescent  liposomes  has  also  been  reported  in  freshly  isolated  HUVECs  and 
HEK293T  cell  lines.  Higher  uptake  of  GSH-PEG  liposomes  was  determined  in 
hCMEC/D3  than  nontargeted  liposomes.  No  significant  difference  in  uptake  of  both 
types  of  liposomes  were  determined  in  HUVECs  and  HEK293T.  The  results  indicate 
the  lack  of  uptake  specificity  of  GSH-PEG  liposomes  towards  HUVECs  and  HEK293T 
(Maussang  et  al.,  2016). 


FIGURE  14.6  Brain  endothelial  specific  uptake  of  the  G-Technology  in  vitro.  (A)  FACS  scatter  profiles  of 
FL1/FL2  channels  of  hCMECD3  incubated  for  24  h  with  medium  or  GSH-PEG  or  nontargeted  PEGylated  lipo¬ 
somal  FD4.  (B)  Human  cerebral  microvascular  ECs  (hCMECD3),  embryonic  kidney  HEK293T  cells,  umbilical  vein 
ECs  (HUVEC),  and  primary  porcine  and  bovine  cerebral  microvascular  ECs  (CMEC)  were  incubated  for  24  h 
with  GSH-PEG  or  nontargeted  PEG-liposomal  FD4.  Source:  Adapted  from  Maussang ,  D.,  Rip,  ].,  van  Kregten,  ].,  van 
den  Heuvel,  A.,  van  der  Pol,  S.,  van  der  Boom,  B.,  et  al,  2016.  Glutathione  conjugation  dose-dependently  increases  brain- 
specific  liposomal  drug  delivery  in  vitro  and  in  vivo.  Drug  Discov.  Today:  Technol,  20:  59—69. 
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2.  Micelles 

Micelles  are  known  as  the  collective  form  of  the  amphiphilic  molecules  and  are 
distributed  throughout  the  liquid  medium.  The  size  of  micelles  varies  from  10  to 
100  nm.  Polymeric  micelles  are  spontaneously  prepared  when  the  concentration  of  the 
amphiphilic  polymers  achieves  a  threshold  value  in  the  aqueous  solution.  This 
threshold  concentration  of  the  polymer  is  called  the  critical  micelle  concentration 
(Li  et  al.,  2017).  The  structure  of  micelles  comprises  a  hydrophilic  shell  and 
hydrophobic  core.  These  structures  are  used  to  deliver  the  drugs  to  the  brain 
(Elezaby  et  al.,  2017).  In  the  first  strategy,  the  BBB  selective  ligands  or  antibodies 
attached  to  the  polymer  facilitates  the  micelles  to  cross  the  brain  microvessel  ECs  by 
transcytosis.  In  the  second  strategy,  the  pluronic  block  copolymers  used  in  the 
formation  of  micelles  selectively  increase  the  permeability  of  micelles  for  BBB  by 
inhibiting  drug  efflux  system,  that  is,  P-gp.  The  micelles  are  successfully  helpful  in 
delivering  the  cytotoxic  drugs  to  the  brain.  Transferrin-conjugated  paclitaxel 
incorporated  hybrid  micelle  of  polyphosphoester  has  also  been  studied  as  a  promising 
drug  carrier  for  brain-targeted  drug  delivery  (Zhang  et  al.,  2012).  Similarly,  transferrin- 
coupled  docetaxel-loaded  micelles  modified  with  d-alpha-tocopheryl  succinate 
(vitamin  E  TPGS)  have  been  prepared  and  used  for  targeted  brain  cancer  therapy.  A 
multifunctional  I6P8  peptide-conjugated  PEG— PLGA  micelle  has  been  able  to  deliver 
the  enhanced  amount  of  doxorubicin,  a  cytotoxic  drug,  across  the  BBB  (Shi  et  al.,  2017). 

3.  Nanoemulsion 

Nanoemulsions  are  the  biphasic  dispersion  of  two  immiscible  liquids,  that  is,  water 
in  oil  (W/O)  or  oil  in  water  (O/W),  with  droplet  size  on  the  order  of  100  nm  (Gupta 
et  al.,  2016).  These  systems  also  contain  an  emulsifier  to  stabilize  the  system. 
Nanoemulsion  containing  risperidone  (a  poorly  water-soluble  drug)  increases  1.3 
times  brain  uptake  of  the  drug  after  intraperitoneal  administration  (Dordevic  et  al., 
2017).  Nanoemulsion  formulations  have  been  employed  for  the  brain  delivery  of  the 
drugs  via  an  olfactory  pathway,  which  is  discussed  later  in  this  chapter.  It  has  been 
observed  that  the  intranasal  administration  of  nanoemulsion  containing  quetiapine 
fumarate  has  shorter  Tmax  than  i.v.  administered  drug  in  the  brain  (Boche  and 
Pokharkar,  2017).  It  has  been  observed  that  the  hyaluronic  acid-based  lipidic 
nanoemulsion  enhances  the  solubility,  stability,  and  brain  targetability  of  resveratrol 
and  curcumin  (Nasr,  2016).  It  has  been  also  observed  that  zolmitriptan  (a  drug  used 
for  migraine)  loaded  nasal  mucoadhesive  nanoemulsion  has  shorter  Tmax  and  higher 
AUCo-8  in  the  CNS  than  i.v.  administration  (Abdou  et  al.,  2017). 

4.  Polymeric  nanoparticles 

Polymeric  nanoparticles  are  colloidal  particles  of  polymers  having  a  size  range  from  1 
to  1000  nm.  They  include  nanospheres  (a  matrix  system)  and  nanocapsules  (a  reservoir 
system).  Polymeric  nanoparticles  are  considered  as  a  potential  carrier  for  the  drug 
delivery  to  the  brain.  They  show  the  advantages  of  high  entrapment  efficiency  and 
preservation  of  the  drugs  from  enzymatic  and  chemical  degradation.  Different  types  of 
polymers  like  chitosan,  poly(glycolide)  (PGA),  poly(alkyl  cyanoacrylate)  (PACA),  that  is, 
poly(butyl  cyanoacrylate)  (PBCA),  copolymer  of  poly(glycolide)  (PLGA)  can  be  used  to 
prepare  nanoparticles.  The  biodegradable  polymer  PLGA  is  an  FDA  approved  polymer 
used  in  the  preparation  of  nanoparticles.  These  nanoparticles  have  been  easily  cleared  by 
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the  RES  uptake.  To  minimize  the  RES  uptake,  the  surface  of  these  nanoparticles  have 
been  altered  either  by  coating  with  water-soluble  surface  active  agents  or  by  the 
chemically  bonded  PEG  or  polyethylene  oxide  chains  (Jain  et  al.,  2015b). 

Surface  modified  polymeric  nanocarriers  are  helpful  in  the  delivery  of  anticancer 
drug  conjugate  with  the  transferrin  to  treat  the  brain  cancer.  RES  uptake  has  been  also 
minimized  by  the  reduction  of  the  size  of  nanoparticles  up  to  100  nm.  Polysorbate  80 
coated  PBCA  nanoparticles  are  another  example  that  was  first  examined  to  increase 
the  distribution  of  hexapeptide  dalargin  (Leu-enkephalin  analog)  across  the  BBB 
(Alyautdin  et  al.,  1995).  Based  on  the  findings,  these  nanoparticles  are  applicable  to 
deliver  nerve  growth  factor  (NGF)  to  the  brain.  NGF  is  used  to  treat  neurological 
pathologies  such  as  Huntington's  disease,  AD,  and  diabetic  neuropathies  but  it  will 
not  cross  the  BBB.  Systemic  administration  of  NGF  adsorbed,  polysorbate  80  coated 
nanoparticles  have  been  reported  to  improve  memory  and  recognition  in  acute 
amnesia  rat  model.  These  nanoparticles  are  proposed  for  the  delivery  of  clioquinol 
(5-chloro-7-iodo-8-hydroxyquinoline)  in  the  diagnosis  and  treatment  of  AD 
(Roney  et  al.,  2005). 

Kanazawa  et  al.  prepared  two  types  of  nanocarrier  systems,  one  with 
CHHRRRRHHC  peptide  (CH2R4H2C)  altered  with  stearic  acid  (STR)  as  the  lipophilic 
moiety  (STR-CH2R4H2C)  and  another  is  hydrophilic  moiety  (M-PEG-PCL- 
CH2R4H2C)  with  the  PEG-based  block  copolymer  (PEG-PCL).  The  former  is  more 
helpful  for  targeting  the  forebrain,  while  the  latter  is  used  for  targeting  the  hindbrain 
or  another  part  of  brain  tissue.  They  used  Alexa-dextran  as  the  fluorescent  agent, 
complexed  with  both  carriers  and  administered  intranasally  in  rat  models.  The  study 
was  performed  to  compare  the  molecular  dynamics  of  the  Alexa-dextran  alone  and 
complexed  with  STR-CH2R4H2C  and  M-PEG-PCL-CH2R4H2C.  Both  carriers  showed 
stronger  fluorescence  than  the  Alexa-dextran  alone.  The  STR-CH2R4H2C  complex  was 
found  in  the  olfactory  bulb,  but  not  transported  to  other  brain  tissues  while  M-PEG- 
PCL-CH2R4H2C  complex  showed  fluorescence  throughout  the  CSF,  after  1  h  of 
administration  as  shown  in  Fig.  14.7  (Kanazawa  et  al.,  2017). 

The  PLGA-b-PEG  nanoparticles  loaded  with  ascorbic  acid  are  reported  to  be  a 
capable  strategy  for  the  drug  delivery  to  the  brain  (Gajbhiye  et  al.,  2017).  Polymeric 
nanoparticles  are  also  used  in  the  traumatic  brain  injury.  The  poloxamer  188  coated 
PLGA  nanoparticles  deliver  the  brain-derived  neurotrophic  factor  into  the  brain  and 
improve  the  cognitive  and  neurological  scarcity  in  traumatic  brain  injured  mice 
(Khalin  et  al.,  2016).  Polysorbate  80  coated  PLGA  nanoparticles  have  been  reported  to 
deliver  the  anticancer  drug,  that  is,  carboplatin,  for  brain  tumor  treatment  (Elzoghby 
et  al.,  2016).  The  transferrin,  0X26  or  R17217  antibodies  coupled  with  human  serum 
albumin  nanoparticles  successfully  transport  the  loperamide  in  ICR  (CD-I)  mice 
(Ulbrich  et  al.,  2009).  Similarly,  lactoferrin,  melanotransferrin,  albumin,  etc.,  have  been 
reported  as  ligands  to  stride  the  nanoparticles  across  the  BBB  (Prasad  et  al.,  2015;  Lim 
et  al.,  2015;  Kesharwani  et  al.,  2016).  Low-density  lipoprotein  receptor-related  protein  1 
(LRP1)  and  LRP2  ligands  are  also  used  for  brain  targeting.  Angiopep-2  (ligand  for 
LRP1)  conjugated  poly  (acrylic  acid)-bound  iron  oxide  nanoparticles  have  been 
examined  to  show  the  good  permeability  across  the  BBB  (Zhang  et  al.,  2016).  Chitosan 
nanoparticles  have  been  also  used  to  deliver  the  drugs  to  the  brain  via  an  intranasal 
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FIGURE  14.7  Molecular  dynamics  of  a  model  drug  (Alexa-dextran)  using  in  vivo  fluorescence.  (A)  Whole 
brain  (B)  2  mm-sliced  brain  sections.  Source:  Adapted  from  Kanazawa ,  T.,  Kaneko,  M.,  Niide,  T.f  Akiyama ,  F.,  Kakizaki,  Sv 
Ibaraki ,  H.,  et  a\.f  2017.  Enhancement  of  nose-to-brain  delivery  of  hydrophilic  macromolecules  with  stearate-or  polyethylene 
glycol-modified  arginine-rich  peptide.  Int.  J.  Pharm.,  530(1—2),  195—200. 


pathway.  Chitosan  nanoparticles  have  been  administered  intranasally  for  the 
improvement  of  the  uptake  and  bioavailability  of  the  rivastigmine  to  the  brain  (Fazil 
et  al.,  2012).  Similarly,  uptake  of  carbamazepine  has  been  also  enhanced  by  the 
chitosan  nanoparticles  via  intranasal  delivery  (Liu  et  al.,  2018a). 

Malinovskaya  et  al.  compared  the  cytotoxicity  of  doxorubicin  bearing  PLGA 
nanoparticles  and  plain  doxorubicin  on  U87MG  glioblastoma  cells.  They  observed  a 
statistically  significant  dose-dependent  reduction  of  the  cell  viability.  They  also  found 
the  comparable  cytotoxicity  of  PLGA  nanoparticles  with  free  doxorubicin 
(Malinovskaya  et  al.,  2017)  (Fig.  14.8). 

Albumin  nanoparticles  (native  albumin,  HSA,  mannose  modified  albumin,  m-HAS, 
cationic  albumin,  -c-HSA,  and  c/m-HSA)  have  been  also  studied  to  deliver  the 
doxorubicin  into  the  brain  tumors.  Among  all,  c/m-HSA  NPs  showed  outstanding 
uptake  by  U87MG  as  well  as  bEnd.3  cells  spheroids  and  glioblastoma  cells.  The 
fluorescence  study  of  HSA  NPs  in  the  brain  was  inappropriate,  indicating  that  only  a 
limited  amount  of  HAS  NPs  passed  through  the  mice  BBB  (Fig.  14. 9A).  The  orthotopic 
glioma-bearing  mice  were  studied  for  determining  antitumor  efficacy  for  c/m-HSA 
NP,  saline,  doxorubicin,  and  HSA  NPs.  c/m-HSA  NPs  were  found  to  show  better 
result  for  tumor  growth  suppression  in  glioma  slices  on  day  20  showing  the  decrease 
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FIGURE  14.8  Viability  of  U87MG  cells 
after  treatment  with  doxorubicin-loaded 
PLGA  nanoparticles  and  free  doxorubicin 
after  48  h.  Source:  Adapted  from 

Malinovskaya,  Y.,  Melnikov,  P.,  Baklaushev,  V ., 
Gabashvili,  A.,  Osipova,  N.,  Mantrov,  S.,  et  al., 
2017.  Delivery  of  doxorubicin-loaded  PLGA 
nanoparticles  into  U87  human  glioblastoma 
cells.  Int.  J.  Pharm.,  524(1-2),  77-90. 


-  Doxorubicin  concentration  (jig/mL)  - ► 

in  the  size  of  the  tumor  as  compared  with  the  other  groups  (Fig.  14. 9C).  The  result 
signifying  that  c/m-HSA  NPs  were  competently  transported  into  glioma  tissue,  thus 
causing  the  suppression  of  the  brain  tumor  growth.  The  orthotopic  glioma-bearing 
mice  were  also  evaluated  for  the  Kaplan— Meier  survival  curve.  The  reorganization 
c/m-HSA  NPs  has  occurred  by  the  glucose  transporters  and  internalized  by  the 
involvement  of  energy  through  clathrin-  and  caveolae-mediated  endocytosis.  The 
inhibition  of  cellular  uptake  of  c/m-HSA  NPs  occurs  due  to  the  availability  of 
cytochalasin  B  (GLUT  inhibitor),  filipin  (caveolae-mediated  endocytosis  inhibitor), 

CPZ  (clathrin-mediated  endocytosis  inhibitor),  monensin  (lysosome  inhibitor),  and 
NaN3  (energy  depletion  agent)  (Fig.  14.9B).  In  contrast,  the  cells  treated  with  DMA,  an 
agent  inhibiting  macropinocytosis,  reduce  the  internalization  of  c/m-HSA  NPs 
(Byeon  et  al.,  2016). 

Some  scientists  developed  Odorranalectin  (OL)  conjugated  urocortin  (UCN)  loaded 
nanoparticles  (OL-NP/UCN)  to  treat  Parkinson's  disease.  The  pharmacodynamic 
study  of  the  OL-NP/UCN  was  compared  with  different  groups  administered  with 
UCN  solution,  UCN  loaded  NPs  (NP/UCN),  and  OL  conjugated  NP  (OL-NP).  In 
Fig.  14.10,  the  OL-NP/UCN  group  showed  a  reduction  in  rotation  number  in  the 
behavior  rotation  test  while  there  was  an  increase  in  the  monoamine  transmitters 
when  compared  with  the  second  group.  The  results  suggested  the  enhancement  in  the 
therapeutic  efficacy  of  the  formulation  via  nasal  delivery  for  Parkinson's  disease 
treatment  (Wen  et  al.,  2011). 

5.  Solid  lipid  nanoparticles  (SLNs) 

SLNs  are  colloidal  particles  of  a  size  range  between  10  and  1000  nm.  They  are  made 
from  biocompatible  and  biodegradable  lipids  stabilized  by  surfactants  (Pandey  et  al., 
2015).  SLNs  are  found  to  be  applicable  to  the  treatment  of  different  types  of  brain 
diseases  (Rai  et  al.,  2015)  and  mainly  brain  cancer.  Anti-EGFR  functionalized  cationic 
SLNs  have  been  investigated  to  target  malignant  glioblastoma  cells.  In  human 
microvascular  ECs,  these  SLNs  are  found  to  decrease  tumor  necrosis  factor  expression 
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FIGURE  14.9  (A)  Biodistribution  of  HSA  NP  and  c/m-HSA  NP  in  orthotopic  glioma-bearing  mice  until  24  h 

after  intravenous  injection  (left,  upper)  and  ex  vivo  image  of  the  brains  excised  at  24  h  (right,  upper).  Ex  vivo 
images  of  other  major  organs  at  24  h  (lower).  (B)  Cellular  uptake  of  c/m  —HSA  NPs  in  bEnd3  cells  in  the  pres¬ 
ence  of  various  inhibitors  including  cytochalasin  B  (2  mV),  CPZ  (50|ig/ml),  filipin  (100|ig/ml),  DMA  (300  |iM), 
monensin  (3  m/V),  and  NaN3  (1  mg/ml).  (C)  Kaplan— Meier  survival  curves  of  orthotopic  U87MG  glioma¬ 
bearing  mice  treated  with  saline.  Doxorubicin  (DOX),  HSA  NP,  c-HSA  NP,  m-HSA  NP,  and  c/m-HSA  NP  (each 
was  administered  2  mg/kg  of  doxorubicin  on  day  10,  12,  14,  16,  and  18  postinoculation,  n  =  8).  here:  *P  <  .01, 
**P  <  .05,  versus  c/m-HAS  NPs  treated  controls  ( n  =  3).  Source:  Adapted  from  Byeon,  H.J. ,  Lee,  S .,  Min,  S.Y.,  Lee,  E. 
S.,  Shin,  B.S.,  Choi,  H.G.  and  et  al,  2016.  Doxorubicin-loaded  nanoparticles  consisted  of  cationic-and  mannose-modified- 
albumins  for  dual-targeting  in  brain  tumors,  f.  Control  Release,  225,  301—313. 
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FIGURE  14.10  (A)  Rotation 

number  in  behavior  rotation  test.  (B) 
Monoamine  transmitter  level  in  the 
striatum.  Results  are  represented  as 
mean  ±  SD  (n  =  3).  Source:  Adapted 
from  Wen,  Z.,  Yan,  Z.,  Hu,  K.,  Pang, 
Z.,  Cheng,  X.,  Guo,  L.,  et  al,  2011. 
Odorranalectin-conjugated  nanoparti¬ 
cles:  preparation,  brain  delivery  and 
pharmacodynamic  study  on  Parkinson's 
disease  following  intranasal  administra¬ 
tion.  J.  Control  Release,  151(2), 
131-138. 


(B) 


and  enhanced  cell  viability  (Kuo  and  Liang,  2011;  Tekade  et  al.,  2017a).  The  anticancer 
drugs  etoposide  and  doxorubicin  have  been  encapsulated  into  SLNs  followed  by  the 
conjugation  with  different  targeting  moieties  including  aprotinin,  folic  acid, 
antimelanotransferrin,  serotonergic  IB  receptor  subtype  antagonist,  p-aminophenyl- 
a-D-mannopyranoside,  antiendothelial  growth  factor  receptor,  83-14  monoclonal 
antibody,  and  lactoferrin  and  evaluated  on  human  U87  malignant  glioma,  human 
astrocytes,  and  HBMEC  cell  line  (Kuo  and  Liang,  2011).  SLNs  offer  the  controlled  and 
targeted  drug  delivery  and  their  biodistribution  can  be  altered  by  the  modification  of 
their  surface.  A  large  number  of  drugs,  that  are,  camptothecin,  doxorubicin,  paclitaxel, 
etc.,  have  been  delivered  by  the  SLNs  to  the  brain.  In  comparison  to  polymeric 
nanoparticles,  SLNs  offer  several  advantages,  that  are,  low  cytotoxicity, 
biodegradability,  etc.  It  has  been  reported  that  83-14  monoclonal  antibody  (MAb) 
grafted  SLNs  can  transport  the  carmustine  (BCNU)  to  the  brain  (Kuo  and  Shih-Huang, 
2013).  SLNs  have  been  found  to  enhance  the  bioavailability  of  certain  drugs;  for 
example,  an  antipsychotic  drug  like  olanzapine  in  the  brain  resulted  in  less  dose 
administration  and  minimal  side  effects  (Natarajan  et  al.,  2017). 

Wavikar  et  al.  successfully  prepared  nanostructured  lipid  carriers  (NLCs)  for  the 
intranasal  delivery  of  rivastigmine.  The  NLCs  showed  enhanced  pharmacodynamic 
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FIGURE  14.11  (A) 

Water  maze  test  showing 
swimming  behavior  of 
mice.  (B)  Escape  latency 
plot  in  water  maze  test. 
Results  are  represented  as 
mean  ±  SD  (n  =  3).  Source: 
Adapted  from  Wavikar ,  P., 
Pai ,  R.,  Vavia,  P.,  2017. 
Nose  to  brain  delivery  of  riv- 
astigmine  by  in  situ  gelling 
cationic  nanostructured  lipid 
carriers:  enhanced  brain  dis¬ 
tribution  and  pharmacody¬ 
namics.  J.  Pharm.  Sci.,  106 
(12),  3613-3622. 


characteristics  in  the  brain  when  compared  with  the  plain  drug  solution  via  i.v.  and 
intranasal  routes.  Fig.  14.11(A)  shows  swimming  behavior  of  mice  in  the  water  maze 
test,  after  the  administration  of  dose  with  plain  drug  solution  and  NLCs.  Fig.  14.11(B) 
showed  the  minimum  escape  latency  of  mice  present  with  the  rivastigmine  NLCs 
administered  through  the  intranasal  route.  These  results  indicated  that,  after  the  RV 
NLCs  administration,  there  was  fast  regain  of  memory  in  the  amnesic  mice  with  the  5- 
fold  reduction  in  the  escape  latency  time,  compared  with  the  rivastigmine  solution 
(Wavikar  et  al.,  2017). 

Jose  et  al.  (2014),  tested  the  cytotoxicity  of  the  plain  SLNs  (S),  resveratrol  loaded 
SLNs  (F9)  and  free  resveratrol  (D)  on  C6  glioma  cell  lines.  Plain  SLNs  were  not  caused 
by  any  cytotoxicity.  They  found  almost  the  same  toxicity  of  F9  and  D  on  the  C6  cell 
line.  The  results  indicated  that  the  drug  retained  its  cytotoxicity  even  after 
incorporation  in  SLNs  (Fig.  14.12)  (Jose  et  al.,  2014). 

6.  Magnetic  nanoparticles  for  brain  targeting 

These  nanoparticles  can  be  directed  by  using  magnetic  fields.  Magnetic 
nanoparticles  consist  of  two  components,  a  magnetic  material,  that  is,  iron,  nickel  and 
cobalt,  and  a  chemical  component  that  has  functionality.  Magnetic  nanoparticles 
consist  of  iron  oxide  have  ferromagnetic  and  superparamagnetic  properties.  These  can 
be  accumulated  inside  the  brain  by  using  the  external  magnetic  field.  When 
doxorubicin  has  been  loaded  in  these  nanoparticles,  a  high  concentration  of  drug  was 
found  inside  the  brain  (Lee  et  al.,  2017).  Transferrin-conjugated  capecitabine  loaded 
magnetic  dextran-spermine  nanoparticles  have  exhibited  the  high  cytotoxicity  effects 
towards  U87MG  cells  (Ghadiri  et  al.,  2017). 
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FIGURE  14.12  Cytotoxicity  of  resvera- 
trol  loaded  SLNs  (F9),  resveratrol  (D), 
plain  SLNs  (S).  Results  are  represented  as 
mean  ±  SD  (n  =  3)  (*P  <  .05).  Source: 

Adapted  from  Jose ,  S.,  Anju,  S.S.,  Cinu,  T.A., 
Aleykutty,  N.A.,  Thomas ,  S.,  Souto ,  E.B.,  2014. 
In  vivo  pharmacokinetics  and  biodistribution  of 
resveratrol-loaded  solid  lipid  nanoparticles  for 
brain  delivery.  Int.  J.  Pharm.,  474(1—2),  6—13. 


7.  Dendrimers 

Dendrimers  are  synthetic,  three  dimensional,  highly  branched  molecules  formed 
by  the  multistep  fabrication  process.  Dendrimers  comprise  an  initiator  core, 
numerous  interior  layers  consist  of  repeating  units,  and  several  reactive  surface 
terminal  functional  groups,  which  can  be  easily  functionalized.  The  number  of 
branches  as  well  as  a  surface  group  of  dendrimers  increases  exponentially  with 
generation.  Dendrimers  have  a  hydrophobic  core  and  multiple  reactive,  easily 
functionalized  groups  responsible  for  high  drug  loading  efficiency  and  low 
polydispersity  (Soni  et  al.,  2017).  They  are  emerging  as  a  versatile  potential 
nanocarrier  for  the  delivery  of  drugs  to  the  brain  (Dwivedi  et  al.,  2016).  They 
facilitate  the  transport  the  drugs  across  the  cell  membranes  and  biological  barriers 
mainly  via  caveolae-  and  clathrin-mediated  energy-dependent  endocytosis  (Ke  et  al., 
2009).  They  internalize  into  cells  via  endocytosis  and  release  from  the  endosomes 
and  lysosomes  by  the  proton  sponge  process.  The  process  involves  swelling  and 
rupture  of  endosomes  via  osmosis  due  to  the  adsorption  of  protons  released  from 
ATPase,  which  releases  entrapped  dendrimers.  This  is  possible  because  of  the 
presence  of  many  secondary  and  tertiary  amines  (Sonawane  et  al.,  2003). 

Dendrimers  including  poly(amidoamine)  (PAMAM),  poly(propyleneimine)  (PPI),  and 
poly-(etherhydroxylamine)  (PEHAM)  have  been  extensively  used  as  a  carrier  for 
anticancer  therapy  including  brain  cancer  (Jain  and  Tekade,  2013;  Prajapati  et  al.,  2009; 
Tekade  et  al.,  2008,  2009a,b).  Doxorubicin-loaded  pegylated  PAMAM  dendrimers 
containing  transferrin  and  wheat  germ  agglutinin  on  the  periphery  enhance  the 
doxorubicin  accumulation  in  the  brain  tumor  site.  It  has  been  observed  that  the 
accumulation  in  the  tumor  site  was  amplified  because  of  the  targeting  effect  of  both 
transferrin  and  wheat  germ  agglutinin  (He  et  al.,  2011).  Also,  tamoxifen  loaded  fourth 
generation  PAMAM  dendrimers  conjugated  with  transferrin  on  the  exterior  were  found 
to  improve  the  drug  accumulation  in  the  glioma  cells.  Transferrin-conjugated  dendrimers 
have  been  found  to  cross  the  BBB  model  and  then  show  internalization  into  C6  glioma 
cells  by  the  coaction  of  transferrin  R-mediated  endocytosis  (Li  et  al.,  2012).  Various  other 
therapeutic  agents  that  have  also  been  delivered  through  dendrimers  are  methotrexate 
(Tekade  et  al.,  2009a),  docetaxel  (Gajbhiye  and  Jain,  2011),  and  paclitaxel  (Teow  et  al.. 
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2013).  Hydroxyl  PAMAM  dendrimers  have  been  also  able  to  target  and  deliver  the 
therapeutics  in  activated  microglia  and  damaged  neurons  in  the  small  and  large  animal 
brain  injured  models  (Zhang  et  al.,  2017).  Some  genes  like  apoptin  (Bae  et  al.,  2017), 
interferon  beta  (Bai  et  al.,  2013),  pORF-hTRAIL  (Liu  et  al.,  2012),  etc.,  have  also  been 
delivered  by  dendrimers.  Dendrimers  have  been  also  investigated  for  the  treatment  of 
vascular  diseases,  neurodegenerative  diseases,  for  neuroimmunomodulation,  for 
neuroinfection,  spinal  cord  injury,  and  in  other  brain  disorders  (Leiro  et  al.,  2017). 

8.  Carbon  nanotubes 

CNTs  are  the  cylindrical,  long,  and  thin  allotropes  of  carbon.  These  are  cylindrically 
fabricated  by  the  rolled-up  graphene  sheets.  These  can  be  divided  into  two  single- 
walled  carbon  nanotubes  (SWCNTs)  or  multiple  walled  carbon  nanotubes  (MWCNTs). 
CNTs  are  found  to  be  useful  for  the  administration  of  drugs  to  the  brain.  These  have 
an  ultrahigh  surface  area  that  make  them  novel  and  different  from  other  carriers.  The 
drugs  can  be  delivered  by  CNTs  by  integrating  into  their  walls  and  tips.  The  targeting 
moieties  can  also  be  attached,  which  helps  to  recognize  the  receptors  on  the  cell 
surface  (Al-Qattan  et  al.,  2018;  Kayat  et  al.,  2011;  Tekade  et  al.,  2017b;  Kafa  et  al.,  2016). 
The  angiopep-2  modified  MWCNTs  have  been  reported  to  deliver  some  active 
therapeutics  to  the  brain  for  glioma  therapy.  PEG  and  Lactoferrin  modified  SWCNTs 
carrying  dopamine  have  penetrated  the  cell  membrane  and  significantly  reduced  the 
levels  of  oxidative  stress  in  Parkinsonian  mice  (Guo  et  al.,  2017). 

9.  Lipid  Microbubbles 

The  lipid  microbubbles  have  been  used  increasingly  in  targeted  drug  therapy.  The 
lipid  microbubbles  have  been  used  with  ultrasound  for  inducing  noninvasive  and 
reversible  BBB  opening  (Sierra  et  al.,  2017).  The  BBB  opening  by  microbubbles 
facilitated,  focused  ultrasound  is  evaluated  for  the  management  of  brain  tumor  with 
enhanced  delivery  of  various  drugs.  Microbubbles  are  gas-filled  phospholipid  spheres 
(0.5—8  pm).  The  phospholipid  shell  is  formed  at  the  gas— liquid  interface.  The  surface 
of  microbubbles  can  be  altered  by  using  PEG  covalently  bonded  to  phospholipids. 

10.  Polymeric  nanogels 

Nanogels  are  a  nanoscale,  three-dimensional  polymeric  network  with  a  tendency  to 
imbibe  water  when  in  contact  with  an  aqueous  environment.  Diverse  classes  of  drugs 
have  been  encapsulated  in  nanogels.  Most  of  the  drug  delivered  by  nanogels  is  cleared 
by  the  organs  such  as  liver,  spleen,  kidney.  Only  5%— 10%  of  the  drug  reaches  the 
target  site.  Neutrally  charged  nanogels  possess  higher  circulation  time.  Brain-targeted 
nanogels  prepared  from  a  biodegradable  cationic  cholesterol-e-polylysine  have  been 
reported  to  deliver  the  nucleoside  reverse  transcriptase  inhibitors  and  showed  more 
anti-HIV  activity  along  with  low  neurotoxicity  (Warren  et  al.,  2015).  The  chitosan 
nanogels  loaded  with  methotrexate  have  also  crossed  the  BBB  (Azadi  et  al.,  2013). 


14*6*3  Miscellaneous 
14.6.3.1  Olfactory  Pathway 

Olfactory  pathway  provides  an  alternative  way  to  deliver  drugs  to  the  brain.  In  the 
nasal  cavity,  olfactory  cells  of  the  olfactory  region  extend  up  to  the  cranial  cavity  (olfactory 
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bulb)  and  provide  the  olfactory  pathway  for  the  drug  delivery  to  the  brain.  On  nasal  instil¬ 
lation,  the  drug  formulation  moves  towards  the  mucosa  and  is  directly  transferred  to  the 
brain  by  escaping  the  BBB  and  attaining  rapid  CSF  levels  (Ying  et  al.,  2007).  Olfactory 
pathway  is  noninvasive,  easily  accessible,  provides  quick  absorption  fast  onset  of  action, 
with  higher  bioavailability  of  drug  inside  the  brain.  This  pathway  avoids  the  gastrointesti¬ 
nal  degradation  as  well  as  bypasses  the  hepatic  first-pass  metabolism.  But  certain  limita¬ 
tions  such  as  volume  only  up  to  25—200  \iL  can  be  delivered,  high  molecular 
weight  ( >  1  kDa)  compounds  cannot  be  delivered,  irritation  on  the  nasal  mucosa  by 
drugs,  etc.,  are  also  associated  with  this  pathway  (Appasaheb  et  al.,  2013).  There  are  cer¬ 
tain  physicochemical  factors  related  to  a  drug  that  affect  their  transport  into  the  brain. 
These  factors  are  as  follows. 

14.6.3.1.1  THE  MOLECULAR  WEIGHT  (MW) 

A  direct  relationship  exists  between  MW  and  the  permeability  of  lipophilic  drugs 
whereas  hydrophilic  compounds  represent  an  inverse  relationship.  Various  findings 
showed  that  the  physicochemical  characteristics  of  the  drug  do  not  affect  the  permeation 
of  drugs  that  have  MW  less  than  300  Da.  This  is  because  these  small  drug  molecules  pass 
through  the  water  channels  present  in  the  membrane.  In  contrast,  the  permeation  rate 
highly  depends  on  the  molecular  size  of  compounds  having  MW>  300  Da.  The  study  con¬ 
ducted  on  the  horseradish  peroxidase  and  SS-6  (an  octapeptide)  in  a  rat's  nasal  cavity 
reveal  the  effect  of  molecular  weight  on  the  availability  through  this  route.  The  results 
demonstrate  that  availability  relationship  with  or  without  the  enhancers.  Higher  availabil¬ 
ity  can  be  achieved  for  moieties  having  a  molecular  weight  up  to  1000  Da  without  using 
enhancers  and  to  a  higher  limit  of  at  least  6000  Da  by  using  enhancers  (Talegaonkar  and 
Mishra,  2004).  A  relatively  high  molecular  weight,  for  example,  1008  Da,  and  hydrophilic 
nature  limit  its  entry  to  the  brain  through  the  BBB  (McEwen,  2004). 

14.6.3.1.2  LIPOPHILICITY 

The  nasal  membrane  is  mostly  lipophilic  in  nature;  thus,  absorption  of  the  drug  is 
expected  to  reduce  with  a  decrease  in  lipophilic  nature  (Katdare  and  Chaubal,  2006). 
Lipophilic  drugs  possess  less  solubility  in  the  aqueous  secretions  as  compared  with  water- 
soluble  drugs.  Lipophilic  drugs  show  absorption  by  active  transport  and  water-soluble 
drugs  by  passive  diffusion  depending  on  their  solubility.  Drugs  with  high  lipophilicity  are 
not  easily  dissolved  in  the  nasal  cavity  due  to  its  aqueous  atmosphere,  hence  leading  to 
faster  mucociliary  clearance  with  decreasing  contact  time  to  the  nasal  membrane.  This  will 
result  in  a  diminished  penetration  of  the  cell  membrane.  Thereby,  according  to  the 
Biopharmaceutics  Classification  System  (BCS)  classification,  class  I  (high  solubility  high 
permeability)  candidates  are  suitable  for  the  nasal  drug  delivery  systems. 

14.6.3.1.3  SOLUBILITY  AND  DISSOLUTION  RATE 

The  drug  solubility  and  its  dissolution,  from  the  powder  and  suspension  formulations, 
are  significant  factors  for  the  nasal  absorption.  It  is  a  major  factor  contributing  to  the 
absorption  of  the  drug  through  biomembranes.  It  is  well  known  that  the  drug  is  absorbed 
when  it  is  in  the  solution  form.  But,  if  a  drug  remains  as  such  in  the  congealed  form  or  is 
cleared  away  then  no  absorption  of  the  drug  will  occur.  A  drug  molecule  should  possess 
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an  appropriate  aqueous  solubility  for  higher  dissolution  because  nasal  secretions  are 
watery  in  nature.  Lipophilic  drugs  possess  less  solubility  in  the  aqueous  secretions  as  com¬ 
pared  with  water-soluble  drugs.  Lipophilic  drugs  show  absorption  by  active  transport  and 
water-soluble  drugs  by  passive  diffusion  depending  on  their  solubility.  If  an  undissolved 
particle  exists  the  absorption  becomes  somewhat  difficult  (Choudhary  and 
Goswami,  2013). 

14.6.3.1.4  PARTICLE  SIZE 

Various  reports  showed  that  the  larger  particle,  having  size  more  than  10  pm,  is  stored 
in  the  nasal  cavity  as  such  (Kushwaha  et  al.,  2011),  which  results  in  no  absorption  of  the 
drug  and  being  cleared  away  by  mucociliary  clearance.  The  study  performed  by  Dong  and 
colleagues  on  the  nasal  administration  of  aerosol  for  the  nose  to  brain  delivery  of  drug 
explains  the  superiority  of  olfactory  deposition  for  breath-powered  drug  delivery  approach 
as  compared  with  peaking  olfactory  deposition.  It  explains  that  diffusion  of  1-nm  particle 
fractions  with  inertial  of  10  pm.  But  the  particle  size  in  the  range  of  10  nm  to  2  pm  produces 
no  significant  deposition  of  the  particles  by  the  olfactory  route.  This  indicates  that  on 
olfactory  deposition,  the  size  of  the  remedial  agents  should  be  controlled  strictly  in  terms 
of  size  (Dong  et  al.,  2018). 

14.6.3.1.5  POLYMORPHISM 

The  ability  of  a  solid  substance  to  exist  in  various  crystalline  forms  is  called  polymor¬ 
phism.  Polymorphic  forms  show  the  different  conformations  or  arrangements  of  the  com¬ 
prised  crystal  lattice.  They  differ  in  the  various  physicochemical  properties  such  as 
solubility  and  dissolution,  physical  and  chemical  stability,  hygroscopicity,  and  flowability. 
Along  with  these  properties,  they  also  show  variations  in  drug  outcomes  like  drug  bio¬ 
availability,  efficacy,  and  toxicity.  Polymorphism  is  considered  to  be  a  significant  factor  in 
the  development  of  a  nasal  formulation  of  drug  product  administered  in  particulate  form. 
Polymorphism  influences  the  dissolution  rate  as  well  as  the  solubility  of  drugs,  which  in 
turn  affects  their  absorption  through  biomembranes.  Hence,  it  should  be  considered  cau¬ 
tiously  while  developing  the  nasal  dosage  form  for  the  delivery  to  the  brain  (Choudhary 
and  Goswami,  2013). 

In  addition,  there  are  certain  formulation  related  factors  that  will  also  affect  the  drug 
delivery  into  the  brain  via  the  olfactory  pathway: 

14.6.3.1.6  VISCOSITY 

It  is  a  parameter  that  should  be  considered  and  tested  for  the  formulations  that  contain 
an  agent  participating  in  the  viscosity.  Increase  in  viscosity  of  the  formulation  enhances  the 
contact  time  between  nasal  mucosa  and  drug,  thus,  the  drug  absorption  increases.  The 
increase  in  viscosity  of  formulations  obstructs  with  usual  ciliary  beating  and/ or  mucocili¬ 
ary  clearance,  which  is  a  defense  system  adopted  by  the  respiratory  tract  for  providing  pro¬ 
tection  against  harmful  and  detrimental  inhaled  substances.  Hence,  this  leads  to  increase 
the  permeability  of  drugs  (das  Neves  and  Sarmento,  2014).  Nasal  gels  are  high  viscosity 
thickened  suspensions  or  solutions.  One  of  the  advantages  of  this  formulation  is  the  reduc¬ 
tion  of  postnasal  drip  for  better  absorption,  which  is  credited  as  a  result  of  high  viscosity. 
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14.6.3.1.7  PH 

The  pH  of  the  formulation  can  provoke  irritation  in  the  nasal  mucosa.  The  mucosal 
secretion  has  the  pH  in  the  range  of  5.0— 6.5  in  children  and  5.5— 6.5  in  adults.  The  mucosal 
layers  present  entrap  the  particles  and  are  cleaned  by  the  cilia  from  the  nasal  cavity. 
Hence,  pH  of  formulations  should  be  considered  and  should  be  approximately  near  to  the 
pH  of  human  nasal  mucosa  (Washington  et  al.,  2000).  Lysozyme  is  an  enzyme  present  in 
nasal  secretions,  and  responsible  for  removal  of  bacteria  at  the  acidic  pH.  But  under  alka¬ 
line  conditions,  lysozyme  becomes  inactivated  causing  the  nasal  tissue  to  become  sensitive 
to  microbial  attack  and  may  lead  to  mucosal  infection.  Therefore,  it  is  highly  desirable  to 
maintain  the  pH  of  all  nasal  formulations  between  4.5  to  6.5. 

14.6.3.1.8  DOSAGE  FORM 

Nasal  drops  are  considered  to  be  the  simplest  and  suitable  nasal  dosage  form.  But,  it  is 
accompanied  by  certain  disadvantages,  that  is,  difficulty  in  the  determination  of  delivered 
amount  of  drug,  which  can  lead  to  an  overdose  and  also  cause  faster  nasal  drainage. 
Suspension  and  solution  sprays  are  preferable  dosage  forms  compared  with  the  powder 
spray,  as  the  powder  spray  causes  nasal  mucosa  irritation  (Sheth  and  Mistry,  2011). 
Presently,  gel  dosage  forms  have  been  developed  as  a  method  for  more  precise  drug  deliv¬ 
ery  that  reduce  anterior  leakage  and  postnasal  drip,  thus  fixing  the  formulation  in  the 
nasal  mucosa.  This  increases  the  drug  retention  time  and  reduces  mucociliary  clearance, 
leading  to  enhance  nasal  absorption.  Thus,  to  surmount  these  problems,  various  special¬ 
ized  systems  like  microspheres,  liposomes,  lipid  emulsions,  and  films  have  also  been  for¬ 
mulated,  which  could  help  to  improve  nasal  drug  delivery  by  increasing  the  residence 
time  of  the  drug  in  the  nasal  cavity.  Other  formulations  may  include  starch  microspheres, 
chitosan-based  preparations,  and  bioadhesive  formulations,  and  are  comprehensively 
studied  for  enhanced  bioadhesive  properties  as  well  as  improved  residence  time  on  the 
nasal  epithelial  surface. 

14.6.3.1.9  DRUG  CONCENTRATION  AND  DOSING  VOLUME 

The  drug  concentration  and  dosing  volume  can  have  an  effect  on  the  nasal  delivery  of 
drug  to  the  brain.  The  drug  concentration  has  a  direct  effect  on  the  nasal  drug  absorption, 
that  is,  increase  in  the  concentration  of  drug  causes  better  absorption  at  the  site  of  adminis¬ 
tration.  This  is  more  important  for  the  drugs  primarily  having  a  passive  diffusion  mecha¬ 
nism  of  absorption  of  the  drug.  But,  higher  concentrations  of  the  drug  when  administered 
in  large  volume  can  have  opposite  effect  on  the  absorption  of  the  drug;  which  may  be  as  a 
result  of  local  adverse  effects.  In  some  cases,  it  may  cause  nasal  mucosa  damage.  The 
delivery  of  the  dosing  volume  and  their  drug  concentration  is  restricted  by  the  size  and 
shape  of  the  nasal  cavity.  A  volume  of  25—200  pL/nostril  and  an  upper  limit  of  25  mg/ 
dose  are  recommended  (Kushwaha  et  al.,  2011). 

14.6.3.1.10  OSMOLARITY 

Tonicity  is  one  of  the  factors  that  affects  drug  absorption.  Shrinkage  of  epithelial  cells  is 
a  common  feature  in  presence  of  hypertonic  solutions.  On  the  other  hand,  hypertonic 
saline  solutions  also  cause  the  inhibition  of  ciliary  activity.  The  tonicity  of  the  administered 
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form  of  the  drug  significantly  affects  the  nasal  mucosa;  so  generally,  for  the  better  effect  of 
the  formulations  isotonic  preparations  should  be  preferred. 

But  the  intranasal  administration  of  the  oxytocin  circumvents  the  BBB  and  enhances  its 
concentration  in  rodents  and  humans  (Striepens  et  al.,  2013).  The  intranasal  administration 
of  ketamine  (i.e.,  N-methyl-D  aspartate  receptor  agonist)  has  also  demonstrated  its  higher 
bioavailability  (44% — 50%)  than  oral  (20%),  sublingual  (30%),  and  suppository  (30%) 
administration  (Yanagihara  et  al.,  2003). 

Antipsychotic  drugs  are  highly  lipophilic  and  they  can  easily  cross  the  BBB  after  oral 
administration.  But  after  intranasal  administration,  a  more  rapid  delivery  to  CNS  was 
found.  In  comparison  to  i.v.  administration,  a  rapid  uptake  of  a  mucoadhesive  nanoemul¬ 
sion  of  risperidone  was  found  in  animals  (Kumar  et  al.,  2008).  Rasagiline  is  an  irreversible 
inhibitor  of  monoamine  oxidase-B  used  in  Parkinson's  therapy.  The  intranasal  administra¬ 
tion  of  rasagiline  via  chitosan  glutamate  nanoparticles  significantly  enhanced  its  concentra¬ 
tion  in  the  brain  in  comparison  to  i.v.  administration  (Mittal  et  al.,  2016).  Imatinib  mesylate, 
a  selective  tyrosine  kinase  inhibitor,  is  used  to  treat  chronic  myelogenous  leukemia  and 
acute  lymphocytic  leukemia.  The  significant  flux  of  the  imatinib  mesylate  was  found  in  the 
brain  via  the  olfactory  region  after  intranasal  administration.  But  it  has  been  found  that, 
after  1—2  h,  this  drug  is  rapidly  cleared  from  the  brain  tissues  (Hada  et  al.,  2017). 

14.6.3.2  Ultrasound-Mediated  Drug  Delivery  (Acoustic  Drug  Delivery) 

Ultrasonic  sound  refers  to  anything  above  the  frequencies  of  audible  sound,  that  is, 
over  20,000  Hz.  Ultrasound  is  used  for  drug  delivery,  which  is  known  as  sonopermeabili- 
zation  or  sonoporation,  and  could  help  in  the  reproducible  BBB  opening  thus  significantly 
enhancing  therapeutic  molecules  and  promoting  delivery  of  the  drug  to  specific  regions  of 
the  brain  (Dasgupta  et  al.,  2016).  Microbubbles  are  used  in  sonoporation  techniques;  these 
are  coinjected  into  the  bloodstream  along  with  the  therapeutic  molecules.  As  microbubbles 
arrive  at  the  target  organ,  they  are  subjected  to  high-intensity  focused  ultrasound,  the 
physical  stresses  generated  by  interaction  between  the  ultrasound  and  microbubbles  led  to 
cellular  changes  at  the  BBB,  which  help  in  the  movement  of  drugs  (Burgess  et  al.,  2015).  It 
shows  the  enhanced  movement  by  two  mechanisms: 

1.  Disruption  of  the  carrier  structure  and  release  of  the  drug. 

2.  Enhancing  the  permeability  of  the  cell  membranes  and  capillaries. 

There  are  various  advantages  and  disadvantages  of  ultrasound-mediated  drug  delivery, 
which  are  shown  in  Table  14.2. 

14.6.3.3  Iontophoresis 

Iontophoresis  uses  the  externally  applied  electric  current  to  deliver  the  ionized  sub¬ 
stances  across  the  BBB.  Lerner  and  group  performed  a  study  using  an  applied  electrical 
field  (a  process  called  transnasal  iontophoresis  or  electrotransport)  on  the  rabbit  brain  on  a 
charged  peptide,  octreotide.  This  study  explains  that  the  said  technique  is  unique  in  nature 
and  delivers  the  molecules  with  minimum  invasive  to  enhance  the  drug  delivery  into  the 
brain.  This  technique  uses  the  electrical  field  for  the  delivery  of  the  charged  peptide  such 
as  octreotide  into  the  rabbit  brain  by  using  a  current  of  strength  3.0  mA  for  60  min  (Lerner 
et  al.,  2004).  The  iontophoretic  devices  may  utilize  the  olfactory  pathway  for  drug  delivery 
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TABLE  14.2  Advantages  and  Disadvantages  of  Ultrasound^Mediated  Drug  Delivery 

Advantages 

Disadvantages 

•  Safe,  noninvasively  delivered  to  the  brain  through  the  intact  skull 

•  Safely  induce  transient,  localized  and  reversible  disruption  of 
the  BBB 

•  Efficient  amount  of  drug  is  delivered  at  the  target  site 

•  Significantly  increase  the  success  of  treatment 

•  Painless  transmission  of  energy  into  the  body  is  the  key  to 
ultrasonic-activated  drug  delivery 

•  Unwanted  bioeffects  such  as  scarring 
from  burns 

•  The  vascular  injury  that  may  occur 
during  treatment 

TABLE  14.3  List  of  some  recently  used  drug  delivery  system  for  brain  delivery 

Drug 

Delivery 

System  Targeting  Moiety 

Target 

Drug 

Results 

Reference 

Liposomes  "mTc 

Brain 

Nimodipine 

High  concentration  of  nimodipine 
has  been  found  in  the  brain  after 
intranasal  administration 

Rashed 
et  al.  (2017), 
Soni  et  al. 
(2016) 

Protein  transduction  domain 
(PTD)HIV-l  peptide 

Brain 

glioma 

Epirubicin  and 
celecoxib 

The  targeting  epirubicin  plus 
celecoxib  liposomes  were  able  to 
effectively  destroy  brain  glioma 
vasculogenic  mimicry  (VM) 
channels 

Ju  et  al. 
(2016) 

Transferrin 

Brain 

Docetaxel 

Transferrin  receptor-targeted 
theranostic  liposomes  improve  the 
permeability  across  the  BBB 

Sonali  et  al. 
(2016b) 

Lactoferrin  and 
antitransferrin 

Brain 

Hydrophilic 
peptide 
senktide  (NK3 
receptor  agonist 
senktide) 

High  brain  level  has  been  found 
in  case  of  antitransferrin  targeted 
liposomes  than  the  lactoferrin 
ones 

De  Luca 
et  al.  (2015) 

Tandem  peptide  R8-RGD  (a 
specific  ligand  cyclic  RGD 
peptide  was  conjugated  to  a 
cell-penetrating  peptide  R8) 

Glioma  foci  Paclitaxel 

R8-RGD  increased  the  cellular 
uptake  of  liposomes  by  2-fold  and 
nearly  30-fold  compared  with 
separate  R8  and  RGD  respectively 

Liu  et  al. 
(2014) 

Antitransferrin  antibody 

Amyloid 
deposits 
and  BBB 

Curcumin 

derivative 

Liposomes  delay  the  A(31  —42 
peptide  aggregation 

Antitransferrin  antibody  improves 
the  intake  of  liposomes  by  the 

BBB;  cellular  model 

Mourtas 
et  al.  (2014) 

Magnetic  field 

Brain 

Amphotericin  B 

Magnetic  liposomes  could 
reinforce  brain  targeting 

Zhao  et  al. 
(2014) 

(Continued) 
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TABLE  14.3  (Continued) 


Drug 

Delivery 

System 

Targeting  Moiety 

Target 

Drug 

Results 

Reference 

Micelles 

Brain 

Safranal,  an 
antioxidant 
drug 

Significant  improvement  in 
neurobehavioral  and  antioxidant 
activity  has  been  found 

Ahmad 
et  al.  (2017) 

Transferrin 

Brain 

Docetaxel 

In  comparison  to  nontargeted 
micelles,  improved  and  prolonged 
brain  targeting  of  docetaxel  was 
found 

Sonali  et  al. 
(2016a) 

Dehydroascorbic  acid  (DHA) 

GLUT1 

Itraconazole 

Effective  high  drug  delivery  to 
targeting  site 

Shao  et  al. 
(2015) 

Nanoemulsion 

Brain 

Zolmitriptan 

Mucoadhesive  nanoemulsion 
formulation  of  zolmitriptan  has 
been  found  higher  AUCO— 8  and 
shorter  Tmax  in  the  brain  than  the 

i.v.  or  the  nasal  solution 

Abdou  et  al. 
(2017) 

— 

Quetiapine 

fumarate 

Brain 

Higher  drug  transport  efficiency 
has  been  found  via  nose-to-brain 
by  nanoemulsion 

Boche  and 
Pokharkar 
(2017) 

Brain 

Risperidone 

Improved  brain  uptake  of 
risperidone  has  been  found  after 
intraperitoneal  administration  of 
nanoemulsions  in  rats 

Dordevic, 
et  al.  (2017) 

- 

Brain 

Valproic  acid 

The  brain  bioavailability  of 
valproic  acid  has  been  improved 

Tan  et  al. 
(2017) 

Polymeric 

nanoparticles 

Octylglyceryl  dextran-graft- 
poly  (lactic  acid) 

BBB 

Peptides 

Nanoparticles  have  induced  a 
transient  reduction  of  food 
consumption  in  mice  when  loaded 
with  an  anorexigenic 
octaneuropeptide 

Boussahel 
et  al.  (2017) 

197  (CRM197)  and 
apolipoprotein  E  (ApoE) 
grafted  polyacrylamide- 
chitosan-poly(lactide-co- 
glycolide) 

BBB  and 
A[3-insulted 

neurons 

Rosmarinicacid 

Increase  in  the  concentration  of 
CRM197  and  ApoE  decreased  the 
transendothelial  electrical 
resistance  and  increased  the  drug 
to  cross  the  BBB 

Kuo  and 

Rajesh 

(2017) 

8D3  antibodies 

Brain 

Loperamide 

loperamide,  loaded  in  PLGA 
nanoparticles 

Efficiently  transport  the  drug  to 
CNS 

Fornaguera 
et  al.  (2015) 

Chitosan  nanoparticles 

Brain 

Ropinirole 

High  concentration  of  drug  was 
found  in  the  brain  after  intranasal 
administration  (i.n.). 

Jafarieh 
et  al.  (2015) 

Tween  80  coated  PLGA 
nanoparticles 

Brain 

Zidovudine 

Tween  80  coated  PLGA 
nanoparticles  deliver  a  high 
concentration  of  drug  in  the  brain 

Christoper 
et  al.  (2014) 

Transferrin  and  magnetic 
field 

BBB 

Doxorubicin 

and  Paclitaxel 

These  nanoparticles  exhibit 
antiglioma  activity 

Cui  et  al. 
(2013) 

(Continued) 
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Drug 

Delivery 

System 

Targeting  Moiety 

Target 

Drug 

Results 

Reference 

Solid  lipid 

nanoparticles 

(SLNs) 

Brain 

Efavirenz 

High  concentration  of  the  drug 
has  been  found  in  the  brain  in  the 
brain  after  administration  via  the 
intranasal  route 

Gupta  et  al. 
(2017) 

Brain 

Olanzapine 

i.v.  administration  of  olanzapine 
loaded  SLNs  enhances  the  relative 
bioavailability  of  the  drug  in  the 
brain 

Natarajan 
et  al.  (2017) 

Tamoxifen  (TX)  and 
lactoferrin  (Lf) 

Brain 

Carmustine 

(BCNU) 

Inhibition  efficiency  of  the 
formulations  was  found  of  TX-Lf- 

BCNU-SLNs  >  TX-BCNU-SLN s 

>Lf-BCNU-SLNs  >  BCNU-SLNs 
to  U87MG  cells 

Kuo  and 
Cheng 
(2016) 

Apolipoprotein  E 

LDL 

receptor 

Resveratrol 

Resveratrol-loaded  solid  lipid 
nanoparticles  showed  higher 
permeability  through  hCMEC/D3 
monolayers  than 
nonfunctionalized  SLNs 

Neves  et  al. 
(2016) 

Lactoferrin 

Brain 

Docetaxel 

Conjugation  of  lactoferrin  on 

SLNs  surface  (C-SLNs)  increased 
the  brain  targeting  potential 

Singh  et  al. 
(2016) 

Galactose 

Lectin 

receptor 

Doxorubicin 

Higher  cellular  uptake, 
cytotoxicity,  and  nuclear 
localization  of  galactosylated 

SLNs  was  found 

Jain  et  al. 
(2015a) 

Dendrimers 

Pep-1  peptide 

Interleukin 
13  receptor 
a2  on 

BBTB 

Pep-1  peptide-conjugated 
dendrimers  exhibited  a  high 
accumulation  and  improved 
penetration  at  the  tumor  site 

Jiang  et  al. 
(2016) 

Sialic  acid,  glucosamine, 
concanavalin  A 

Brain 

Paclitaxel 

Out  of  the  sialic  acid,  glucosamine 
and  concanavalin  A,  sialic  acid 
have  highest  brain  targeting 
potential 

Patel  et  al. 
(2016) 

PAMAM  Dendrimer 

Brain 

Haloperidol 

High  distribution  of  drug  has 
been  found  in  the  brain  and 
plasma  as  compared  with  the 
controlled  formulation  of  the  drug 

Katare  et  al. 
(2015) 

p-hydroxyl  benzoic  acid 
(pHBA) 

Sigma 

receptor 

Docetaxel 

p-hydroxyl  benzoic  acid  has 
enhanced  the  brain  uptake  of  the 
drug 

Swami  et  al. 
(2015) 

Serine— Arginine— Leucine 
(SRL)  peptide 

Brain 

DNA 

SRL-modified  Dendrimers  has 
been  reported  to  have  good 
transfection  efficacy  and  low 
toxicity 

Zarebkohan 
et  al.  (2015) 

Polypropylenimine 
dendrimer/  transferrin 

Transferrin 

receptor 

DNA 

Transferrin-bearing  dendriplex 
has  more  than  doubled  gene 
expression  in  the  brain  compared 
with  the  unmodified  dendriplex 

Somani 
et  al.  (2014) 
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to  the  brain  (Lu  et  al.,  2014).  This  technique  has  been  used  for  the  administration  of  drugs 
to  the  confined  area  of  the  brain.  Another  technique  is  microiontophoresis,  which  is  a 
method  to  deliver  the  drug  by  the  use  of  an  electric  current  and  ejecting  molecules  from  a 
micropipette.  It  is  mostly  used  in  neurochemical  investigations.  Microiontophoresis  pos¬ 
sesses  advantages  such  as  low  solution  volume  required,  rapid  application  time,  surpass¬ 
ing  the  BBB,  and  delivery  of  drug  to  the  confined  area,  but  is  restricted  because  of 
difficulty  in  determining  and  controlling  the  ejected  quantity  of  the  molecule.  To  compare 
the  ejection  quantities  of  the  molecules  various  electrochemical  or  fluorescence  markers 
are  available  that  can  be  added  to  the  barrel  solution.  This  is  very  helpful  in  the  providing 
the  data  for  the  estimation  of  the  ejected  amount  of  molecules  and  thus  provides  the  distri¬ 
bution  pattern  accurately  by  using  calibration  procedures  (Kirkpatrick  et  al.,  2016) 
(Table  14.3). 

14.6.3.4  Ear  as  an  Alternative  Route  for  Brain 

In  a  number  of  research  articles,  the  ear  has  also  been  reported  as  a  drug  delivery  route  to 
the  brain.  The  existence  of  a  physiological  flow  between  compartments  of  the  inner  ear  and 
cerebrospinal  fluid  in  the  brain  has  been  reported.  The  drugs  can  be  directed  to  the  cerebro¬ 
spinal  fluid  (subarachnoid  space)  of  the  brain  via  the  perilymphatic  fluid  (cochlear  aqueduct) 
of  the  inner  ear.  The  connection  between  ear  and  brain  has  been  confirmed  by  Madhav  et  al., 
with  the  administration  of  benzodiazepines  via  ear  causing  sleepiness  in  rabbits.  Presently, 
different  bionanoparticle  formulations  are  under  preparation  for  delivery  via  ear  for  target¬ 
ing  to  the  brain  for  treatment  of  various  brain  diseases  (Kumar  and  Madhav,  2014). 


14*7  IN  VITRO  AND  IN  VIVO  METHODS  FOR  BRAIN 
DRUG  DELIVERY 


The  pharmacokinetic  and  pharmacodynamic  characteristics  of  the  drugs  in  the  CNS  are 
determined  by  the  concentration  of  free  drug  present  in  the  brain  ECF.  Different  types  of 
in  vitro  and  in  vivo  models  and  methods  have  been  identified  and  developed  to  study  these 
properties.  Various  in  vitro  methods  have  been  used,  including  ECs  membrane  vesicles, 
freshly  isolated  brain  microvessels,  EC  cell  culture,  for  the  determination  of  different  para¬ 
meters,  like,  receptor  and  carrier-mediated  uptake,  binding,  and  efflux  of  the  drug  from  the 
CNS  (Liu  et  al.,  2018b).  These  methods  have  several  advantages:  they  represent  in  vivo 
receptor  and  transporter  expression,  provide  comparisons  between  the  luminal  and  ablum- 
inal  transport  of  the  molecule  across  the  CNS  membranes,  screening  of  the  permeability 
experiments,  etc.,  i.v.  injections,  brain  perfusion,  brain  uptake  index,  microdialysis  and  CSF 
sampling  are  the  types  of  in  vivo  methods  for  determination  of  drug  influx  and  efflux  from 
the  CNS.  These  methods  have  benefits  comprising  rapid  result,  high  sensitivity,  low  techni¬ 
cal  difficulty,  applicability  to  humans,  physiological  procedure,  etc.  (Bicker  et  al.,  2014). 

The  in  vitro  models,  are  the  two  compartment  models  mainly  comprised  of  three  basic 
components:  (1)  semipermeable  membrane  that  divides  the  two  compartments  and  has  the 
barrier  cells  (brain  ECs,  MDCK  cells,  Caco-2  cells)  on  it;  (2)  extracellular  matrix  present 
between  the  brain  cells  and  semipermeable  membrane,  which  may  be  composed  of  combi¬ 
nation  of  different  extracellular  matrix  polymers,  like,  laminins,  collagen,  fibronectins,  etc.; 
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ECM 


FIGURE  14.13  Schematic  diagram  of 
BBB  in  vitro  models  components. 


TABLE  14.4  Various  In  Vitro  Models  for  Brain  Drug  Delivery 


Model  Type 

Compositions 

Advantage 

Disadvantage 

Used  for 

References 

Endothelial 

monoculture 

model 

ECs  from  different 
origins  like  a  human, 
porcine,  murine,  bovine, 
rat  or  monkey 

Simplest,  high 

throughput 

screenings 

Lack  of 
stimulating 
factors.  Low 
TEER 

Determination  of 
BBB  permeability 
of  drug  molecules 

Banerjee 
et  al. 

(2016) 

Coculture 
model  of 

ECs  with 
astrocytes 

ECs,  basal  membrane, 
astrocytes 

Stable  model,  ready 
to  use  model,  good 
correlation  between 
IVIVC 

Low  TEER 

Suitable  for 
chronic  studies, 
efflux  transport 
study 

Kaisar 
et  al. 

(2017) 

Coculture 
model  with 
pericytes 

ECs,  pericytes,  ECM 
proteins  like  laminins, 
glycosaminoglycan 

A  better 

understanding  of 
ECs  permeability 

The  result  is 
more  complex, 
high  level  of 
heterogeneity 

Provide 

pluripotent  stem 
cells,  paracellular 
permeability  study 

Jennewein 
et  al. 

(2016) 

Triple  cell 
coculture 
model 

ECs,  pericytes, 
astrocytes 

Good  IVIVC, 
Advanced  model 

No  difference  in 
transporter  level 

Active  P-gp  efflux 
and  junctional 
proteins  study 

Lin  et  al. 
(2017) 

and  (3)  the  brain  microenvironment,  which  includes  various  types  of  brain  cells  such  as 
neurons,  pericytes,  astrocytes,  etc.  (Fig.  14.13)  (Ogunshola,  2011;  Toth  et  al.,  2011). 

The  ECs'  tightness  can  be  measured  by  the  transendothelial  electrical  resistance  (TEER) 
between  both  the  compartments.  The  permeability  of  the  membrane  is  also  a  key  factor  for 
the  in  vitro  model,  which  can  be  estimated  by  using  marker  molecules  like  sucrose,  manni¬ 
tol,  etc.  The  models  that  have  the  same  characteristics  (endothelial  permeability,  TEER)  as 
in  vivo  models  would  be  considered  as  the  perfect  in  vitro  models.  There  are  various  types 
of  models  used  for  the  determination  of  different  types  of  parameters;  these  are  listed  in 
Table  14.4. 

Xu  et  al.  (2016)  developed  a  dynamic  and  novel  in  vivo-resembling  3-D  microfluidic 
system  that  reproduces  the  functional,  structural,  and  mechanical  characteristics  of  the 
BBB  in  vivo,  which  provides  a  synergistic  investigation  of  complex  organ  level  effect  both 
in  the  normal  as  well  as  pathological  atmosphere  of  the  brain  tumor.  For  the  development 
and  mimicking  the  BBB  model  a  fiber-based  approach  was  proposed  that  uses  the  poly- 
dimethylsiloxane  microfluidic  device  containing  an  array  of  16  independent  functional 
units.  These  units  are  connected  by  a  microchannel  system.  These  functional  units 
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TABLE  14.5  Marketed  Formulations  Available  as  the  Brain-Targeted  Drug  Delivery  System 


Active  Pharmaceutical  Ingredient 

Formulation 

Brand  Name 

Therapy  Area 

Amphotericin  B 

Liposomes 

AmBisome 

Solid  tumor 

Doxorubicin  HC1 

Pegylated  liposomes 

Caelyx 

Brain  tumor 

Carmustine 

Wafers  (Implants) 

Gliadel  wafer 

Brain  tumor 

Injection 

Becenum 

Brain  tumor 

Temozolamide 

Capsules 

Temodar 

Brain  tumor 

Bevacizumab 

Injection 

Avastin 

Brain  tumor 

AfinitorDisperz 

Tablets 

Everolimus 

Brain  tumor 

Rivastigmine  Tartrate 

Capsule 

Exelon 

Alzheimer's  disease 

Donepezil 

Tablets 

Aricept 

Alzheimer's  disease 

Memantine 

Capsule 

Namenda  XR 

Alzheimer's  disease 

Galantamine 

Capsule 

Razadyne  ER 

Alzheimer's  disease 

Sizopin 

Tablets 

Clozapine 

Neurology  and  psychiatry 

Respidon 

Tablets 

Risperidone 

Neurology  and  psychiatry 

Quetiapine  Fumerate 

Tablets 

Seroquel 

Neurology  and  psychiatry 

Haloperidol 

Tablets 

Haldol 

Neurology  and  psychiatry 

Clonazepam 

Tablets 

Klonopin 

Neurology  and  psychiatry 

Escitalopram  oxalate 

Tablets 

Lexapro 

Neurology  and  psychiatry 

Rasagiline 

Tablets 

Rasalect 

Neurology  and  psychiatry 

Acamprosate  calcium 

Tablets 

Acamprol 

Neurology  and  psychiatry 

Entacapone 

Tablets 

Adcapone 

Neurology  and  psychiatry 

Methylphenidate  hydrochloride  VSP 

Tablets 

Addwize 

Neurology  and  psychiatry 

represent  four  uniform  BBB  regions  where  each  region  consists  of  one  vascular  channel 
meant  for  introducing  fluidic  flow  (vascular  compartment)  and  one  channel  meant  for 
infusing  natural  extracellular  matrix  collagen  or  astrocytes  (brain  compartment)  (Xu  et  al., 
2016). 

Xue  et  al.  developed  the  in  vivo  neurovascular  unit  model  by  the  coculture  of  neurons, 
brain  microvascular  ECs  (BMECs),  and  astrocytes  cells.  The  purified  ECs  were  used  to 
observe  the  physiological  changes  of  the  model  on  the  anoxia-reoxygenation  injury.  This 
has  also  shown  the  opposite  action  of  nimodipine  (Xue  et  al.,  2013).  Similarly,  Nakagawa 
et  al.  established  a  coculture  model  for  primary  rat  BMECs,  pericytes,  and  astrocytes  cells. 
This  model  was  mainly  used  for  explaining  the  permeability  of  the  BBB  but  not  for 
explaining  the  intercellular  connections  in  the  functional  unit  when  neuron  damage  and 
repair  process  occurs  (Nakagawa  et  al.,  2009). 
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14*8  MARKETED  FORMULATIONS  AVAILABLE  AS  THE 
BRAIN -TARGETED  DRUG  DELIVERY  SYSTEM 


Substantial  progress  in  drug  discovery  will  only  come  about  if  persistent  energetic  and 
dynamic  research  work  helps  to  develop  less  toxic  and  more  therapeutic  effective  drug 
molecules.  The  aggressive  development  will  lead  to  the  invention  of  a  more  effective  deliv¬ 
ery  system  for  delivery  of  the  drug  to  their  brain  targets.  Recently,  various  formulations 
have  been  developed  by  different  companies  and  are  marketed  to  treat  various  neurologi¬ 
cal  diseases.  Scientists  have  focused  their  research  on  various  aspects  of  the  administration 
for  the  drug  delivery  to  the  brain,  which  could  be  useful  to  treat  brain-related  disorders, 
such  as  epilepsy,  migraine,  depression,  and  many  more.  Table  14.5  describes  active  phar¬ 
maceutical  ingredients  available  in  the  different  formulations,  their  brand  names,  and  uses. 


14*9  CONCLUSION 


Modern  society  is  developing  rapidly  along  with  the  continued  and  sustained  deteriora¬ 
tion  of  the  environment,  leading  to  stressful  and  devastating  conditions  in  various  parts  of 
the  body,  in  which  the  brain  is  considered  to  be  the  most  important,  and  brain  diseases 
such  as  stroke,  neurodegenerative  disease  (e.g.,  Parkinson's  disease  and  AD),  neuroinflam¬ 
mation,  and  neurological  cancers  are  producing  very  critical  conditions  for  human  popula¬ 
tions.  To  overcome  and  get  rid  of  these  serious  conditions,  drug  delivery  should  be 
focused  in  a  proper  direction  for  the  CNS  disorders  including  brain  tumors,  as  the  deliv¬ 
ery  of  the  most  of  the  drugs  are  limited  owing  to  the  compact  structure  of  the  BBB,  hence 
the  search  for  some  new  alternative  CNS  therapies. 

Neurological  disorders  are  burdening  and  affecting  society  due  to  the  inadequate  sup¬ 
ply  of  drugs  across  the  BBB  for  treatment.  So,  many  new  innovative  approaches  are 
emerging  as  promising  methods  to  be  used  in  the  future  by  humans.  One  should  empha¬ 
size  major  areas  of  both  physiological  as  well  as  pharmacological  challenges  to  deliver 
drugs  as  well  as  genes.  To  overcome  the  challenges  caused  by  the  existence  of  the  BBB  in 
drugs  and  genes  delivery,  distinctive  modifications  should  be  made  for  their  delivery  and 
these  vehicles  could  potentially  remove  challenges  in  the  future.  To  conclude,  CNS  tar¬ 
geted  therapeutics  is  an  ever  growing  and  challenging  but  hopeful  and  promising  field. 
For  design  and  development  of  improved  and  effective  targeted  CNS  therapeutics,  differ¬ 
ent  factors  and  criteria  should  be  considered,  which  include  the  drug  properties,  carrier 
ability,  and  biological  parameters  of  the  CNS.  This  will  help  in  providing  supplementary 
molecular  cues  that  could  provide  the  more  selective  as  well  as  efficient  targeting  of  mole¬ 
cules  across  the  brain  barriers  in  CNS  therapies. 
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ABC 

AET 

AJ 

AME 

AMT 

AP-1 

BBB 

BCRP 

BCS 

BCSFB 

BSCB 

CBF 

CMT 

CNS 

CNTs 

CPP 

CSF 

ECs 

EPR  effect 

FDA 

FUS 

GLUT-1 

IL 

JAMs 

LAT-1 

MCT-1 

MRI 

MRP 

MRP 

MWCNTs 

NMO 

P-gP 

PML 

RMT 

SLC 

SLNs 

SWCNTs 

TEER 

TJ 


ATP-binding  cassette 

active  efflux  transport 

adherens  junctions 

adsorption  mediated  endocytosis 

absorptive  mediated  transcytosis 

atherosclerotic  plaque-specific  peptide-1 

blood— brain  barrier 

breast  cancer  resistance  protein 

biopharmaceutics  classification  system 

blood— cerebrospinal  fluid  barriers 

blood— spinal  cord  barrier 

cerebral  blood  flow 

carrier-mediated  transport 

central  nervous  system 

carbon  Nanotubes 

cell-penetrating  peptide 

cerebrospinal  fluid 

endothelial  cells 

enhanced  permeability  and  retention  effect 
Food  and  Drug  Administration 
focused  ultrasound 
glucose  transporters 
interleukin 

junctional  adhesion  molecules 
amino  acid  transporters 
monocarboxylic  acid  transporter 
magnetic  resonance  imaging 
multidrug  resistance  protein 
multidrug  resistance-associated  protein 
multiple  walled  carbon  nanotubes 
neuromyelitis  optica 
P-glycoprotein 

progressive  multifocal  leukoencephalopathy 

receptor-mediated  transport 

solute  carrier 

solid  lipid  nanoparticles 

single-walled  carbon  nanotubes 

transendothelial  electrical  resistance 

tight  junctions 
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15.1  INTRODUCTION  TO  TRANSDERMAL  DRUG  DELIVERY 


Human  skin  acts  as  a  protective  barrier  towards  the  external  environment;  its  magnifi¬ 
cently  fabricated  structure  renders  one-way  channelization.  Skin  permits  internal  body 
fluids  like  sweat  to  come  out  but  prevents  entry  of  any  external  matter.  Skin's  outermost 
barrier,  the  stratum  corneum,  acts  as  a  shield  in  such  a  way  that  it  prevents  desiccation 
caused  by  water  lost  from  the  body  (Mishra  et  al.,  2013).  Obviously,  by  doing  so,  this  bar¬ 
rier  also  furnishes  a  powerful  resistance  towards  absorption,  either  intentional  or  fortu¬ 
itous,  of  chemicals  that  get  in  touch  with  the  outer  surface. 

Nonetheless,  the  last  two  decades  have  witnessed  the  progress  in  the  transdermal  deliv¬ 
ery  of  therapeutic  agents  initiated  by  pharmaceutical  scientists  (Schoellhammer  et  al.,  2014). 
So,  what  type  of  challenges  did  scientists  face?  What  examinations  have  they  done  on  the 
skin  to  explore  its  potential  as  a  route  for  systemic  transport  of  therapeutic  agents? 
Significant  conclusions  have  been  drawn  from  critical  analysis,  that  is,  firstly  skin  offers  a 
wide  (1—2  M2)  and  freely  reachable  surface  for  drug  transport.  Secondly,  in  comparison  to 
other  routes,  transdermal  applications  are  relatively  noninvasive,  entailing  effortless  techni¬ 
ques  like  sticking  of  a  patch,  for  example,  Band-Aid.  Third,  patient  compatibility  is  easily 
achieved.  Fourth,  another  fruitful  alternative  for  patient  compliance  is  that  any  transdermal 
application  can  be  voluntarily  removed  or  discontinued  at  any  point  in  time;  no  other  for¬ 
mulation  approach  provides  this  freedom  (Dubey  et  al.,  2010). 

Even  though  delivery  of  therapeutic  agents  through  the  skin  is  confined  to  reasonably 
only  a  small  number  of  therapeutic  agents,  it  has  proved  to  be  a  significant  market  victory 
in  comparison  to  added  "controlled  release"  tools.  At  present  transdermal  systems  have 
an  annual  market  of  around  2  billion  worldwide  (Rai  and  Raghavan,  2015). 


15.1.1  Benefits 

Transdermal  delivery  of  therapeutic  agents  offers  some  potential  benefits,  which  are  as  follows: 

•  Issues  like  significant  presystemic  metabolism  are  circumvented,  that  is,  direct 
prevention  of  degradation  of  the  drug  in  the  gastrointestinal  tract  or  liver. 
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•  The  cutback  of  variations  in  inter/intra  subjects:  it  is  principally  factual  in  the  case 
where  the  release  of  preparation  from  the  transdermal  patch  is  a  bit  slow  in  contrast  to 
the  passage  of  the  drug  from  the  outermost  keratinized  layer  of  skin. 

•  According  to  the  basic  consideration  of  pharmacokinetics,  drug  volumes  can  be 
retained  within  the  therapeutic  window  for  a  considerably  long  time. 

•  In  relevance  to  the  previous  point,  the  duration  of  the  action,  that  is,  area  under  the 
curve  of  the  drug  following  single  administration  can  be  absolute  and  accordingly,  the 
frequency  of  dosing  can  be  minimized. 

•  Enhanced  compatibility  and  acceptance  from  patients  towards  drug  treatment. 

•  The  curative  application  might  be  stopped  (by  a  simple  detachment  of  patch)  at  any 
point  in  time  on  the  occurrence  of  any  kind  of  difficulties. 


15*1*2  Limitations 

Skin's  barrier  function  acts  in  such  a  way  that  it  critically  confines  the  absolute  quantity 
of  drug  to  pass  through  a  considerable  area  of  it  during  the  administration  period,  and  this 
makes  it  a  chief  limiting  factor  in  the  delivery  of  therapeutic  agents  through  skin.  Hence,  the 
major  limitation  of  transdermal  delivery  is  that  it  is  the  restricted  delivery  of  effective 
agents,  characteristically  the  agents  that  require  a  dose  on  a  daily  basis  in  the  quantity  of 
10  mg  or  less.  Generally,  this  translates  into  agents  having  effectual  blood  plasma  concentra¬ 
tion  range  of  ng/mL  (or  less).  It  doesn't  matter  how  potent  the  drug  is,  it  should  still  feature 
other  characteristics  that  make  it  feasible  for  delivery  through  the  transdermal  path 
(Lauterbach  and  Miiller-Goymann,  2015).  Primarily,  and  most  importantly  its  physical  and 
chemical  attributes  should  permit  a  percutaneous  absorption.  This  signifies  that  its  molecu¬ 
lar  weight  must  be  low  enough  along  with  sufficient  solubilization  in  both  lipophilic  and 
hydrophilic  environments  to  attain  sufficient  concentration  in  dermal  circulations  and 
acquire  entry  into  the  systemic  circulation.  The  agent  must  be  capable  of  traveling  through 
the  SC  and  further  through  the  next  obstacle,  that  is,  epidermis  (McCrudden  et  al.,  2014). 

Poor  solubility  in  water  or  oil  will  prevent  permeation  of  the  therapeutic  agent  at  a 
functional  rate.  Secondly,  the  drug  must  have  moderate  prolongation  or  deliberated  input 
of  the  drug  into  the  transdermal  application  so  that  it  could  make  some  sense,  and  this 
can  be  achieved  only  through  optimum  pharmacokinetic  and  pharmacodynamic  character¬ 
istics.  Compounds  that  can  induce  resistance  are  not  an  appropriate  choice  for  application 
through  the  transdermal  delivery  system  until  and  unless  a  suitable  "wash-out"  period  is 
planned  into  the  dosage  regimen  (Wiedersberg  and  Guy,  2014).  In  contrast,  drugs  with 
short  biological  half-life,  demanding  problematic  and  regular  oral  or  parenteral  dosing  are 
good  candidates.  Drugs  must  not  produce  any  local  irritation  or  sensitization,  since  aggra¬ 
vation  of  considerable  skin  reactions  underneath  a  transdermal  release  structure  may  hin¬ 
der  its  authoritative  approval  (Talbi  et  al.,  2017). 


15*1*3  Ideal  Drug  Candidates  for  Transdermal  Delivery 

An  ideal  drug  candidate  must  follow  a  few  eligibility  criteria  and  conditions  as  it  must 
have  an  optimum  partition  coefficient,  that  is.  Log  P  value  (water-octanol)  between  1.0 
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^  Need  for  site  specific  drug  delivery 
J  Local  drug  distribution 
Z  Safety 


□  Need  to  prolong  administration 

□  Need  to  increase  patient  compliance 

□  Need  to  reduce  side  effecls  on  non¬ 
target  sites 


Adequate  Adequate  skin 
distribution  permeability 


Criteria  for 
ae  led  ion  of  drugs 
incorporated  in 
TDDS 


Ad  eq  uate  d  i  nical  Adequ  ate  skin 

need  acceptability 


z  Drugs  with  low  molecular  weight 
J  Drugs  with  low  melting  point 
/  moderatelipophifidty/hydrophilicity 
^  Potent  drugs 


□  Non  irritating  drugs 

□  Non  sensitizing  drugs 

□  Non  metabolizing  drugs 


FIGURE  15.1  Selection  criteria  for  drugs  to  be  incorporated  in  transdermal  drug  delivery  systems. 


and  4.  It  must  have  low  melting  point,  that  is,  <  200°  C  and  shelf  life  must  be  up  to 
2  years.  The  half-life  of  the  drug  must  be  short,  that  is,  <  than  10  h.  It  must  not  produce 
any  local  irritation  or  sensitization.  It  must  have  high  potency,  that  is,  daily  dose  should 
be  low  (<  20mg/day)  and  a  low  molecular  weight  (<500  Daltons).  It  must  have  skin 
permeability  coefficient  greater  0.5  X  10-3  cm/h.  It  must  also  have  potential  performance 
characteristics  towards  both  hydrophilic  and  lipophilic  phases  (Mali,  2015).  Excessive 
division  characteristic  is  not  favorable  for  successful  delivery  via  the  skin.  A  pictorial  view 
of  selection  criteria  is  presented  in  Fig.  15.1. 


15*2  SKIN  AS  AN  OBSTACLE:  THINGS  TO  KNOW  FOR 
TRANSDERMAL  RESEARCH 


15*2*1  Anatomy  of  the  Skin 

Skin  is  the  major  and  most  reachable  organ  of  the  body,  which  serves  as  a  prospective 
way  of  drug  administration  for  systemic  effects.  It  also  acts  as  a  shielding  obstacle  against 
the  entrance  of  foreign  substances  and  probable  infiltration  of  pathogens  (Losquadro, 
2017).  For  a  better  understanding  of  the  transdermal  delivery  of  drugs,  it  is  essential  to 
know  the  physiological  status  of  the  skin.  Anatomically  it  consists  of  3  layers:  epidermis, 
dermis,  and  hypodermis  (Fig.  15.2). 

Epidermis  represents  the  percutaneous  segment  constituting  different  strata  like  stra¬ 
tum  corneum  (SC),  stratum  lucidum,  stratum  granulosum,  stratum  spinosum,  and  stra¬ 
tum  germinativum.  The  SC  is  a  heterogeneous  and  outermost  layer  of  the  epidermis 
having  a  thickness  of  approximately  10—20  pm  (Som  et  al.,  2017).  There  are  two  diverse 
forms  of  cells  within  the  epidermis:  keratinocytes  and  dendritic  cells  (DCs).  This  SC 
layer,  along  with  the  surface  lipid  film,  forms  the  interface,  which  further  offers  as  an 
application  site  for  topically  administered  medicines.  The  dermis  is  another  layer  of 
skin,  which  is  10—40  times  thicker  in  comparison  to  the  epidermis,  depending  upon  the 
body  area. 

It  is  usually  made  up  of  loose  connective  tissue  matrix  constituting  protein  and  polysac¬ 
charides  and  is  less  dynamic  than  the  epidermis  in  terms  of  metabolism.  Blood  vessels. 
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FIGURE  15.2  Transactional  view  of  human  skin  presenting  different  dermal  layers. 


nerves,  hair  follicles,  sebaceous  glands,  sweat  glands,  mast  cells,  macrophages,  etc.  are  sit¬ 
uated  in  the  dermis.  The  main  role  of  the  dermis  is  to  nurture  the  epidermis.  Hypodermis 
or  subcutaneous  tissue  acts  as  a  fastener  for  the  skin  to  the  underlying  surface  and  fat  stor¬ 
age  (Fenner  and  Clark,  2016). 


15*2*2  Topical  Versus  Transdermal  Drug  Delivery:  Understanding  Differences 

Generally,  the  terms  topical  and  transdermal  are  used  synonymously,  but  there  is  a  major 
distinction  between  them.  Topical  drug  distribution  is  the  term  utilized  for  application  of 
dosage  form  to  the  controlled  area  of  skin  to  get  the  localized  effect.  It  is  usually  applied 
for  the  therapeutic  management  of  dermatological  disorders  like  eczema  or  psoriasis 
where  the  treatment  is  not  intended  for  systemic  distribution  (Laredj-Bourezg  et  al.,  2017). 
Drugs  that  are  usually  delivered  topically  are  corticosteroids,  antifungals,  antivirals,  anti¬ 
biotics,  antiseptics,  local  anesthetics,  and  antineoplastics.  Conventional  types  of  topical 
dosage  form  are  solutions,  emulsions,  powders,  creams,  pastes,  gels,  ointments,  and 
lotions.  They  are  mainly  utilized  to  manage  fungal  and  bacterial  skin  disorders.  Topical 
preparations  usually  serve  as  protectives,  adsorbents,  emollients,  as  well  as  cleansing 
agents  (Rehman  and  Zulfakar,  2014). 

Transdermal  drug  delivery  involves  drug  diffusion  through  distinct  layers  of  the 
skin  into  systemic  or  blood  circulation  to  provoke  therapeutic  effect.  The  best  example 
is  a  transdermal  patch  of  clonidine  and  nitroglycerin  utilized  for  the  management  of 
hypertension  and  angina  respectively  (Zheng  et  al.,  2016).  Conventional  marketed 
transdermal  products  are  basically  of  three  types:  reservoir,  matrix  with  a  rate- 
controlled  membrane,  and  matrix  without  a  rate-controlled  membrane.  Drugs  that  can 
be  given  transdermally  are  scopolamine,  nitroglycerin,  clonidine,  diclofenac,  indometh- 
acin,  nicotine,  estradiol,  testosterone,  etc.  Present  research  is  focused  on  transdermal 
delivery  of  proteins  and  peptides,  mainly  insulin,  growth  hormone,  and  vaccines 
(Malhotra  et  al.,  2016). 
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15*2*3  Physiological  Functions 

Skin  plays  diversified  functions  that  are  vital  for  the  survival  of  animals  and  humans. 
The  primary  functions  offered  by  the  skin  include  protection,  water  level  maintenance, 
body  temperature  regulation,  etc.  (Rizzo,  2015).  Some  of  the  major  functions  are  pre¬ 
sented  in  Fig.  15.3. 


15*2*4  Penetration  Pathways  and  Kinetics  of  Skin  Permeation 

The  exact  pathways  of  drug  penetration  through  the  skin  are  subjected  to  numerous 
investigations  (Alkilani  et  al.,  2015).  Usually,  there  are  two  common  routes  of  drug  per¬ 
meation  through  the  skin,  including  transepidermal  and  transappendageal  pathways 

(Fig.  15.4). 

The  transepidermal  pathway  involves  the  entry  of  molecules  through  the  SC.  This 
pathway  can  be  further  intercellular  or  intracellular.  Intercellular  offers  diffusion  of  drug 
molecules  between  the  corneocytes  or  through  the  continuous  lipid  matrix.  While  intracel¬ 
lular  allows  the  drug  transport  through  the  corneocytes  (Schmieder  et  al.,  2015).  The 
transappendageal  pathway  allows  the  drug  passage  through  sweat  glands  and  across  the 
hair  follicles  (Gaikwad,  2013). 

For  an  effective  and  successful  transdermal  formulation  thorough  understanding  of  skin 
permeation  kinetics  is  essential.  Percutaneous  absorption  of  drug  substances  is  a  sequential 
process  that  involves,  in  order,  penetration — partitioning — diffusion — permeation — absorption 

(Fig.  15.5). 


5.  Physical  barrier 
Physical:  keratin  filaments 
Immunological:  Langerhans  cells  in  epidermis  and 
macrophages  and  mast  cells  in  dermis 


FIGURE  15.3  Various  functions  of  the  skin. 
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FIGURE  15.4  Different  routes  through  which  the  drug  can  cross  the  skin  barrier. 


The  determination  of  release  kinetics  from  therapeutic  agent  loaded  transdermal  drug 
delivery  systems  is  initiated  from  the  estimation  of  drug  substances  flux  transversely 
through  the  skin  (/).  Transdermal  flux  is  usually  expressed  in  pg/cm2/h  (El  Maghraby, 
2017).  Mostly  a  drug  follows  a  passive  diffusion  process  for  percutaneous  absorption, 
which  can  be  explained  by  Fick's  first  law  of  diffusion  (Eq.  15.1).  According  to  this  flux  (/) 
is  a  product  of  the  skin  diffusion  coefficient  (D),  partition  coefficient  ( K ),  and  drug  concen¬ 
tration  (C),  which  is  divided  by  the  overall  thickness  of  the  skin  (h)  (Couto  et  al.,  2014). 

/  =  DKC/h  (15.1) 


15.3  FACTORS  AFFECTING  THE  DESIGN  OF  TRANSDERMAL  DRUG 

DELIVERY 


15.3.1  Physiological  Factors 

15.3.1.1  Stratum  Corneum 

SC  is  the  first  obstruction  to  the  passage  of  drugs  across  the  skin.  To  overcome  this  bar¬ 
rier,  there  is  a  need  to  alter  the  compositional  attributes  or  the  array  of  the  lipids  (intracel¬ 
lular)  to  optimize  the  transdermal  bioavailability.  There  are  various  tools  and  technologies 
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FIGURE  15.5  Steps  through  which  the 
drug  reaches  its  site  of  action  through  der¬ 
mal  route. 


available  that  can  achieve  the  same  without  any  issues  (Lee  et  al.,  2017a).  There  are  many 
circumstances  in  which  SC  is  not  a  rate-determining  step.  Highly  lipophilic  compounds 
have  partition  coefficient  values  greater  than  104.  It  is  assumed  that  their  passage  is  not 
restricted  by  diffusion  but  by  the  rate  through  which  the  molecules  depart  from  the  mem¬ 
brane  and  penetrate  into  the  epidermis  (Alkilani  et  al.,  2015).  Agents  are  presenting  this 
type  of  conduct  also  signify  two  additional  issues  concerning  transdermal  availability  of 
agent  at  the  site  of  action.  Firstly,  the  "pause  instant"  appearing  in  the  systemic  circulation 
may  be  considerably  slowed  down  by  the  steady  partitioning  kinetics.  Secondly,  it  is 
obvious  that  high  lipophilic  compounds  have  a  higher  affinity  towards  a  lipophilic  environ¬ 
ment  of  the  SC  due  to  which  they  form  momentous  depots,  from  which  the  release  of  drug 
substance  continues  even  after  the  detachment  of  the  delivery  system  (Zheng  et  al.,  2016). 

15.3.1.2  Site  of  Action 

It  is  evident  from  various  research  reports  that  the  absorption  of  the  drug  from  the  skin 
depends  on  its  nature  and  characteristics,  which  vary  in  different  regions.  For  example, 
some  of  the  areas  of  skin  are  more  permeable,  for  example,  the  genitalia,  particularly  the 
scrotum,  the  axilla,  the  face,  the  scalp,  etc.  (Schoellhammer  et  al.,  2014).  Accordingly,  these 
highly  permeable  sites  are  being  utilized  for  optimization  of  transdermal  drug  delivery, 
for  example,  the  first  testosterone  transdermal  patch  was  tailored  to  be  worn  on  the  section 
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of  skin  consisting  of  the  testicles.  However,  opportunities  for  placement  of  transdermal 
systems  are  limited,  since  most  of  the  systems  perform  similarly  at  many  different  sites, 
and  the  suggested  position  normally  relies  on  expediency  (Wong,  2014). 

15.3.1.3  Skin  Condition  and  Diseased  State 

Various  skin  disease  states  like  psoriasis  also  result  in  an  alteration  of  the  composition 
of  SC  lipid /protein.  Due  to  this,  substantial  variability  can  be  observed  in  transdermal  bio¬ 
availability.  The  rationale  behind  this  is  attributed  to  the  fact  that  application  for  the  trans¬ 
dermal  system  is  recommended  at  normal  skin  sites,  that  is,  those  free  from 
dermatological  pathologic  conditions  (Van  Smeden  et  al.,  2014). 

15.3.1.4  Age 

It  is  understood  that  aging  results  in  huge  variations  in  the  vital  functioning  of  skin; 
like  normal  water  loss  from  intact  skin,  degeneration,  etc.  With  progressive  age,  that  is,  in 
older  subjects,  skin  becomes  more  delicate  and  sensitive  towards  peeling  and  shedding;  it 
also  necessitates  an  extended  period  for  resurgence  on  the  postsurgical  situation  (Banerjee 
et  al.,  2014).  Hence  the  applicability  of  transdermal  systems  to  older  patients  requires  criti¬ 
cal  monitoring.  In  contrast  to  this  younger  subjects  (premature  neonates)  have  poorly 
developed  skin  barriers  and  are  more  prone  towards  various  precutaneous  intoxication 
resulting  from  chemical  reactions  from  transdermal  patches  (Srivastava  et  al.,  2016). 

15.3.1.5  Skin  Metabolism 

Transdermal  drug  bioavailability  is  also  severely  affected  by  presystemic  metabolism. 
The  epidermis  is  a  biochemically  active  tissue  with  potential  for  metabolism.  Certainly, 
there  are  many  enzymes  present  in  the  skin  including  the  Cytochrome  P450  (Yamamoto 
et  al.,  2017).  On  the  other  hand,  this  epidermis  is  not  capable  enough  to  metabolize  a  drug 
beneath  the  transdermal  patch,  and  the  position  of  biological  degradation  is  negligible.  In 
fact,  the  chief  merit  of  transdermal  delivery  is  that  presystemic  metabolism  can  be  avoided 
(Mali,  2015). 

15.3.1.6  Skin  Shedding 

The  epidermis  is  in  a  continuous  state  of  regeneration,  which  undergoes  various  trans¬ 
formations  like  development  of  a  new  cell  layer  of  keratinocytes  at  the  stratum  basale,  for¬ 
mation  of  desiccated,  proteinaceous  corneocytes  and  eventually  desquamation.  This  leads 
to  an  alteration  in  the  structure  of  epidermal  cells,  which  changes  from  stratum  basale, 
through  the  stratum  spinosum,  stratum  granulosum,  and  stratum  lucidum  to  the  outer¬ 
most  stratum  corneum.  These  situations  make  epidermis  as  a  greatest  barrier  in  the  trans¬ 
port  of  most  of  the  molecules  across  it.  Hence  there  is  a  need  of  development  of  various 
techniques  and  transdermal  systems,  which  could  gain  permeability  across  the  full  epider¬ 
mis  and  not  focus  only  on  stratum  corneum. 

15.3.1.7  Dermal  Sensitivity  and  Irritation 

Skin  acts  as  a  natural  barrier  towards  external  forces  like  exposure  to  radiation,  infec¬ 
tious  agents,  etc.,  if  not  generally  taken  after  by  an  incendiary  reaction,  which  is  immuno¬ 
logic  or  nonimmunologic  (i.e.,  portrayed  comprehensively  as  an  exemplary  bothering  or 
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refinement  responses).  One  of  the  major  limitations  of  transdermal  delivery  system  is  that 
there  are  chances  of  development  of  an  irritation  or  an  allergic  reaction.  In  both  these  con¬ 
ditions,  inflammation  of  the  skin  is  the  fundamental  cause,  which  is  characterized  by 
dilated  blood  vessels,  infiltration  of  lymphocytes  into  the  dermis,  and  accumulation  of 
fluid  between  the  keratinocytes.  Hence  there  is  a  critical  need  of  detection  of  allergic  reac¬ 
tions,  which  may  likely  to  be  caused  by  target  therapeutic  agent  prior  to  the  development 
of  transdermal  delivery  system,  since  the  consequence  of  an  allergic  reaction  is  that  the 
drug  and  the  related  molecules  to  which  the  patient  is  allergic  cannot  be  utilized  anymore. 


15*3*2  Dosage  Form  and  Drug-Related  Factors 

The  bioavailability  of  a  drug  critically  relies  upon  duration  and  rate  of  its  absorption. 
Passage  of  the  drugs  through  the  SC  follows  passive  diffusion  by  obeying  Fick's  first  and 
second  law  of  diffusion  (Prodanov  and  Delbeke,  2015).  Steady  state  condition  is  present  in 
Fig.  15.6.  Presume  that  the  drug's  concentration  in  the  dosage  form  (Cv)  is  steady  and,  on 
the  further  face  of  the  membrane,  sink  conditions  exist. 

Absorption  of  the  drug  through  systemic  circulation,  the  local  concentration  (Q)  is  less 
than  Cv,  and  hence  ( Cv  —  Q)  ~  Cv).  At  steady  state,  the  gradient  of  concentration  is  linear 
across  the  membrane  and  obeys  Fick's  first  law  of  diffusion,  and  the  flux  (/)(/  =  constant) 
is  given  by  Eq.  (15.2): 

/  =  (DK/h)Cv  =  KpCv  (15.2) 

where  D  is  the  perceptible  diffusion  coefficient  of  the  drug  in  the  SC,  in  which  we 
presumed  that  the  instance  that  acts  as  the  principle  rate  controlling  factor  in  absorption, 
K,  represents  drugs  formulation  partition  coefficient,  and  "h"  is  the  width  of  the  mem¬ 
brane  Eq.  (15.3). 


Stratum  Viable 

eorneum  epidermis  Dermis 


FIGURE  15.6  Constant  status  concentration  time  outline  of  therapeutic  agent  athwart  the  skin  after  applica¬ 
tion  of  a  vehicle  (concentration  of  active  agent  is  presented  by  Cv). 
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Kp  =  (D  —  K/h)  1  (15.3) 

It  is  defined  as  the  permeability  coefficient  of  the  drug  through  the  skin  from  the 
formulation  (note  that  Kp  is  formulation-dependent  since  it  comprises  the  appropriate 
SC-formulation  partition  coefficient). 

There  exists  a  consistent  and  direct  relationship  between  J  and  concentration 
of  drug  in  plasma,  due  to  this  effect  of  formulation  and  its  physicochemical  pro¬ 
perties  on  drugs  available  at  the  dermal  site  of  action  can  be  easily  computed  (Css) 

(Eq.  15.4): 

Rate  in  =  AJ  =  Rate  out  =  Cl  (15.4) 

where  Cl  is  the  drug's  clearance.  Kp  and  Cv  are  the  two  important  parameters  on  which 
the  flux  constant,  that  is,  /,  depends;  these  parameters  are  directly  connected  to  formula¬ 
tion  characteristics  of  the  drug. 

The  motion  can  be  amplified  by  controlling  Cv  and  additionally  K.  The  clearest 
approach  is  to  boost  Cv,  that  is,  to  utilize  a  formulation  system  loaded  with  medication. 
The  individual  should  be  attentive,  notwithstanding,  to  guarantee  that  the  formulation 
system,  underneath  these  circumstances,  has  proper  dependability.  The  segment  coeffi¬ 
cient  is  somewhat  tricky  because  at  this  time  one  truly  needs  to  cast  the  medication  with 
the  goal  that  its  affinity  for  the  SC  is  considerably  more  prominent  than  that  of  the  vehicle. 
The  hazard  is  that  one  may  end  up  in  a  circumstance  where  the  medication  is  stacking  in 
the  formulation  that  is  lacking  to  give  conveyance  to  the  time  allotment  wanted  (i.e.,  in  the 
event  that  one  makes  the  medication  disregard  the  plan  so  much,  its  solubility  might  be 
poor).  In  this  way,  one  needs  to  strike  an  adjust  among  K  and  Cv  with  the  goal  so  as  to 
departing  inclination  of  the  medication  from  the  plan  supports  its  effective  development 
through  the  derma;  however,  that  the  immersion  dissolvability  of  the  medication  in  the 
vehicle  is  sufficiently  elevated  so  as  to  manage  conveyance  which  can  be  accomplished  for 
the  planned  time  of  use. 


15-4  STRATEGIES  FOR  TRANSDERMAL  DRUG  DELIVERY 

The  skin  barrier  presents  massive  hurdles  in  penetration  of  most  of  the  therapeutic 
agents,  because  of  which  it  is  very  much  difficult  to  attain  greater  bioavailability  rates  for 
them.  In  the  permeation  of  therapeutic  molecules,  molecular  weight  and  size  play  a  signifi¬ 
cant  role.  For  example  it  is  quite  difficult  to  formulate  large  molecules  like  proteins  and 
peptides  in  the  form  or  topical  or  transdermal  delivery  system  until  and  unless  their  trans¬ 
port  can  be  assisted  (usually  by  physical  disruption  of  the  barrier).  Still,  numerous  thera¬ 
peutic  agents  do  not  accomplish  this  criterion,  mainly  macromolecules  like  insulin  and 
growth  hormone,  which  are  very  challenging  to  deliver  through  the  skin.  Enhancing  skin 
permeability  is  a  major  task  and  topic  of  research  (Franzen  and  Windbergs,  2015). 
Varieties  of  approaches  are  available  for  enhanced  delivery  through  the  skin,  and  their 
efficacy  may  differ  from  drug  to  drug,  depending  upon  on  their  physicochemical  nature. 
Commonly  employed  techniques  are  chemical  methods,  physical  methods,  biochemical 
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enhancement,  and  a  prodrug  technique  (Marwah  et  al.,  2016).  A  pictorial  representation  of 
different  strategies  for  skin  penetration  is  given  in  Fig.  15.7. 

15*4*1  Chemical  Methods 
15.4.1.1  Permeation  Enhancers 

These  agents  enable  penetrability  of  the  drug  through  the  skin,  by  better  drug  partition¬ 
ing  into  the  barrier  area  of  the  SC,  enhanced  drug  diffusivity  in  the  barrier  area  of  the  SC, 
or  the  mixture  of  both.  It  is  speculated  that  the  extent  of  permeation  enhancement  by 
specific  enhancer  will  differ  between  hydrophilic  and  lipophilic  drugs  (Marwah  et  al., 
2016).  Diversified  mechanism  of  action  is  identified  including  greater  flexibility  of  SC  lipid 
bilayers,  drawing  out  of  intercellular  lipids,  improved  drug  thermodynamic  commotion, 
augmentation  in  SC  hydration,  variation  in  proteinaceous  corneocyte  components,  etc. 
(Herman  and  Herman,  2015). 

These  agents  are  classified  into  various  groups  depending  upon  their  chemical  struc¬ 
ture,  as  shown  in  Table  15.1. 

The  limitation  of  permeation  enhancers  is  that  their  efficacy  mimics  skin  irritation. 
Conventionally  they  are  being  used  to  deliver  small  molecules  but  not  useful  in  the  deliv¬ 
ery  of  macromolecules.  These  are  effective  but  not  comparable  to  a  physical  process  that 
offers  a  superior  extent  of  skin  permeation  (Li  and  Higuchi,  2017). 

15.4*2  Physical  Methods 

The  use  of  hypodermic  needles  is  very  common  and  the  oldest  way  to  overcome  skin 
barrier  physically.  Ideally,  a  solution  of  a  drug  is  forced  under  piston  stress  straight  into 
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FIGURE  15.7  Different  strategies  for  enhancing  skin  penetration. 
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TABLE  15.1  Examples  of  Permeation  Enhancers  Belonging  to  Different  Chemical 
Classes 


Category  of  Permeation  Enhancer 

Examples 

Alcohols 

Ethanol,  benzyl  alcohol,  propylene  glycols,  glycerol 

Fatty  acids 

Oleic  acid,  lauric  acid,  linoleic  acid,  valeric  acid 

Esters 

Isopropyl  palmitate,  isopropyl  myristate,  ethyl  acetate 

Hydrocarbons 

Alkanes,  squalene 

Surfactants 

Sodium  laurate,  tweens,  sodium  cholate 

Phospholipids 

Lecithin 

Amines 

Diethanolamine,  triethanolamine 

Terpenes 

D-limonene,  carvone,  anise  oil 

Sulfoxides 

Dimethyl  sulfoxide 

the  bloodstream  or  exact  tissue.  For  illicit  drug  delivery  more  than  a  prolonged  period 
indwelling  catheters  may  be  used  (Peppas  et  al.,  2015).  However,  both  necessitate  skin 
perforation  with  a  needle,  which  is  associated  trauma  and  pain.  To  overcome  these  draw¬ 
backs,  other  alternative  methods  have  been  investigated  like  jet  injections,  dermabrasion, 
thermal  ablation,  laser,  tape  stripping,  etc.  Jet  injections  offer  the  drug  delivery  controlled 
by  elevated  stress  accelerators  across  the  SC.  Its  application  is  restricted  due  to  the  incom¬ 
petence  of  drug  delivery  over  a  prolonged  period  (Kalghatgi  et  al.,  2014). 

Dermabrasion  has  been  used  conventionally  for  the  management  of  acne,  scars,  and  other 
cosmetic  disorders.  Thermal  ablation  utilizes  the  benefit  of  the  exterior  resource  of  thermal 
power,  which  circulates  into  the  SC  for  the  creation  of  microchannels.  A  laser  can  be  utilized 
on  SC  thermally  sensitive  parts,  forming  pores.  These  pores  bypass  the  diffusional  barrier 
when  drug  substances  are  employed  on  the  skin  surface  and  easily  get  access  to  the  deeper 
skin  layers  (You  et  al.,  2016).  Tape  stripping  is  another  simple  technique  used  to  remove  SC 
by  successive  application  of  adhesive  tape  or  cyanoacrylate  glue.  The  efficacy  of  these  meth¬ 
ods  are  limited  due  to  inflammation,  pain,  patient  noncompliance,  etc.  and  hence  there  is  a 
need  for  further  research  and  advancement  in  these  areas  (Svoboda  et  al.,  2017). 

15*4*3  Biochemical  Enhancement 

These  methods  have  been  established  to  directly  improve  SC  lipid  matrix  permeation 
and  indirectly  affect  skin  permeation  through  variation  of  lipid  metabolism.  The  main 
focus  in  this  work  area  is  on  peptides  that  are  supposed  to  interrupt  or  pierce  SC  lipids 
(Chauhan,  2017).  Example,  polyarginine  has  shown  transport  of  attached  substances 
through  the  SC  and  into  inward  areas  of  the  skin.  Magainin,  a  natural  peptide,  has  shown 
to  improve  skin  penetration  by  direct  contact  with  and  disturbance  of  SC  lipids.  These 
methods  still  need  to  be  checked  clinically  for  better  efficacy  and  penetration  through  the 
skin  (Ghosh  et  al.,  2014). 
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15*4*4  Prodrug  Approach 

This  technique  has  been  used  to  increase  the  dermal  and  transdermal  piercing  of  drugs 
with  poor  partition  coefficients.  The  main  purpose  of  this  technique  is  to  alter  the  physico¬ 
chemical  characteristics  of  a  parent  compound  (Diblikova  et  al.,  2014).  Prodrug  approach 
mainly  implicates  pro-moiety  attachment  to  improve  the  partition  coefficient  and  resulting 
penetration  of  the  parent  compound  through  the  skin.  Alteration  in  the  chemical  structure 
of  the  molecule  is  of  great  interest  and  provides  opportunities  to  penetrate  the  SC  barrier. 
Conventionally  when  SC  is  a  diffusional  barrier  and  the  parent  drug  is  hydrophilic, 
improving  its  hydrophobicity  or  lipophilicity  may  cause  better  transdermal  flux  (Tyagi 
and  Goyal,  2017). 


15*5  TRADITIONAL  APPROACHES  FOR  TRANSDERMAL  DRUG 
DELIVERY:  ROOM  FOR  FORMULATION  ADVANCEMENTS 


Drug  delivery  through  the  skin  is  an  interesting  and  difficult  area,  as  the  barrier  func¬ 
tion  of  the  skin  is  the  foremost  obstacle  to  efficient  transdermal  drug  delivery;  this  bar¬ 
rier  needs  to  be  overwhelmed.  In  spite  of  numerous  benefits,  certain  drawbacks  are 
associated  with  traditional  transdermal  systems  like  local  irritation,  pain,  inflammation, 
erythema,  edema,  and  itching  caused  by  drug  or  excipients  (Rahimpour  et  al.,  2015). 
Molecules  having  low  molecular  weight  only  can  be  delivered  better  through  the  skin 
into  systemic  circulation.  There  are  vast  varieties  of  transdermal  delivery  systems  that 
are  currently  available,  but  few  drugs  can  be  administered  through  this  transdermal 
route.  Hence  it  is  extremely  necessary  to  comprehend  the  organization  of  skin,  control 
over  barrier  function  of  skin,  skin  permeation  kinetics,  etc.  (Ita,  2016).  Transdermal  drug 
delivery  can  be  better  if  advancement  can  be  made  depending  upon  the  capacity  to 
avoid  the  complications  and  hurdles  related  to  skin  permeation  and  irritation.  A  num¬ 
ber  of  hydrophilic  moieties,  macromolecules,  and  antigens  can  enter  the  market  through 
the  use  of  novel  approaches  and  advanced  technologies  (Mayet,  2016). 


15*6  ADVANCED  TECHNIQUES  FOR  TRANSDERMAL  DRUG 

DELIVERY 


15*6*1  Iontophoresis 

In  the  early  21st  century,  iontophoresis  has  emerged  as  a  fresh  tool  for  delivery  of  the 
therapeutic  agent  across  the  skin.  Several  exploratory  findings  have  proven  the  fundamen¬ 
tal  mechanistic  behind  iontophoresis,  which  have  contributed  to  the  development  of  an 
iontophoretic  based  successful  drug  delivery  system  (Dhote  et  al.,  2011).  Oral  delivery  of 
therapeutic  agents  has  always  been  favored  since  the  topical  application  of  the  same  fails 
to  elicit  an  effective  level  (Anand  et  al.,  2013).  However,  oral  delivery  has  various  issues 
such  as  (1)  first  pass  inactivation  of  drugs  as  a  result  of  degradation  by  enzymes,  (2)  major 
fluctuations  in  plasma  drug  concentrations  resulting  in  toxic  and  subtherapeutic  levels. 
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etc.  (Shofner  and  Peppas,  2016).  Iontophoresis  assists  in  resolving  these  issues.  In  this 
technique,  electric  current  is  utilized  as  an  outer  driving  force  through  which  drugs  can  be 
easily  administered.  This  technique  minimizes  the  first  pass  hepatic  inactivation  to  a  large 
extent  and  furnishes  more  consistent  plasma  levels  (Giri  et  al.,  2016). 

15.6.1.1  Mechanistic  Behind  Iontophoresis 

The  presence  of  a  small  amount  of  charged  ions  makes  distilled  water  a  poor  conductor 
of  electricity.  To  become  a  good  conductor  of  electricity,  water  needs  to  be  in  potential 
electrolytic  condition,  which  can  be  acquired  by  dissolution  of  various  inorganic  salts  such 
as  acids,  bases,  salts,  or  alkaloids  in  it,  which  makes  it  a  good  electrolyte  (Giannola  et  al., 
2015).  In  an  electrolytic  solution,  an  electric  current  can  easily  pass  with  the  help  of  migra¬ 
tion  of  charged  ions  and  this  process  is  known  as  electrolysis.  Now,  on  the  placement  of 
two  electrodes  in  an  electrolytic  solution,  distinct  poles  attract  each  other,  resulting  in 
movement  of  positive  ions  towards  the  negative  electrode  and  vice  versa. 

This  phenomenon  prepares  the  base  of  iontophoresis  (Bouwstra  et  al.,  2015).  In  this,  an 
electrode  is  placed  over  the  surface  of  the  skin  followed  by  passage  of  electrical  current; 
due  to  this,  the  positive  and  negative  charged  drug  particle  gets  repelled  by  an  identical 
charge  on  the  electrode  (Fig.  15.8). 

This  channelizes  the  movement  of  drug  particles  across  the  skin.  On  reaching  the 
subdermal  level  drug  particles  form  new  complexes  with  existing  ions  and  radicals  in  the 
bloodstream.  These  new  complexes  will  then  further  provide  the  preferred  therapeutic 
action  in  the  underlying  tissue  (Govyadinov  et  al.,  2014). 

15.6.1.2  Iontophoresis  in  Drug  Delivery 

Iontophoresis  promotes  the  delivery  of  therapeutic  agents  with  the  help  of  two  funda¬ 
mental  mechanisms,  that  is,  electrorepulsion  and  electroosmosis.  The  former  consists  of 
the  direct  application  of  electrical  field  on  a  charged  permeant  and  the  latter  is  the 
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FIGURE  15.8  Schematic  pre¬ 
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electrical  osmosis  that  occurs  from  an  exclusive  negative  charge  present  at  physiological 
pH  of  the  skin  (Schoellhammer  et  al.,  2014). 

Charged  medicinal  or  bioactive  agents  are  delivered  across  the  skin  nonexclusively 
with  the  help  of  repulsive  electromotive  force  utilizing  a  small  electrical  current  to  a  cav¬ 
ity  consisting  of  agents  of  a  similar  charge.  The  positively  charged  cavity,  that  is,  anode 
repels  positively  charged  chemicals;  this  similarly  applies  to  the  negatively  charged  cav¬ 
ity.  These  two  repulsive  forces  along  with  electroosmosis  drive  therapeutic  agents  across 
the  skin.  This  potential  of  iontophoresis  has  been  explored  for  the  transdermal  delivery 
of  many  drugs  that  have  decreased  penetration  property,  for  example,  oligonucleotides, 
peptides,  etc.,  which  have  high  molecular  weight  and  are  normally  tough  to  apply 
(Donnelly  et  al.,  2014). 


1 5*6*2  Sonophoresis 

Sonophoresis  is  a  technique  that  utilizes  ultrasound  as  a  mechanical  enhancement  tool 
for  systemic  delivery  of  therapeutic  agents.  This  technique  has  also  been  proven  to  effi¬ 
ciently  deliver  several  types  of  drugs  in  spite  of  their  electrical  properties,  which  can  be 
smoothly  attached  with  other  transdermal  methods  to  improvise  drug  delivery  rate  (Park 
et  al.,  2014).  Application  of  sonophoresis  was  very  first  discovered  in  the  20th  century  in 
the  therapeutic  management  of  Parkinson's  disease,  in  which  another  therapeutic  ultra¬ 
sound  application  was  also  utilized.  In  contrast  to  other  ultrasound  techniques,  sonophor¬ 
esis  works  at  frequencies  of  20— 16  KHz  along  with  intensities  up  to  14  W/cm2  to  boost  the 
transdermal  penetrability.  Potential  of  sonophoresis  is  evidenced  by  several  research 
reports  furnishing  proof  of  enhanced  skin  permeability  of  various  drugs  and  bioactive 
compounds  (Giannola  et  al.,  2015). 


15*6*3  Mechanistic  Behind  Sonophoresis 

Sonophoresis  works  by  two  basic  mechanisms,  that  is,  heat  impact  by  absorption  of 
ultrasound  energy  and  formation  of  cavity  produced  by  crumpling  and  fluctuations  of 
liquid  bubbles  in  the  presence  of  ultrasound  fields.  In  the  presence  of  these  two  effects, 
the  formation  of  space,  that  is,  cavitation  is  considered  as  the  principal  mechanism  of 
sonophoresis  (Lee  et  al.,  2017b). 

15.6.3.1  Thermal  Effects 

At  the  point  when  ultrasound  goes  through  a  medium,  energy  is  mostly  assimilated.  In 
in  vivo  conditions,  ultrasound  energy  consumed  by  tissue  creates  a  nearby  temperature 
increment  that  is  reliant  on  ultrasound  recurrence,  power,  the  territory  of  the  ultrasound 
pillar,  a  period  of  contact,  and  the  pace  of  heat  expulsion  by  bloodstream  or  conduction 
(Mitragotri,  2017).  The  resultant  temperature  increment  of  the  skin  may  improve  penetra¬ 
bility  because  of  an  expansion  in  diffusivity  of  the  skin.  By  the  low-frequency  ultrasound, 
that  is,  20-KHz,  and  administration  of  mannitol,  the  temperature  of  skin  gets  increased  by 
20°  C.  Nonetheless,  the  conveyance  of  mannitol  was  just  25%  when  the  skin  was  warmed 
to  a  comparable  level  without  ultrasound.  These  conflicting  outcomes  recommend  that 
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heat  energy  alone  may  not  assume  a  critical  part  in  TDD,  despite  the  fact  that  the  tempera¬ 
ture  increment  may  influence  the  skin  penetrability  (Park  et  al.,  2014). 

15.6.3.2  Cavitation 

Cavitation  refers  to  the  production  of  depressions  and  also  development,  withdrawal, 
and  bending  of  preexisting  gaseous  bubbles  in  a  liquid  medium.  Acoustic  cavitation  hap¬ 
pens  because  of  the  nucleation  of  little  vaporous  holes  amid  acoustic  weight  cycles  (Song 
et  al.,  2016).  The  probability  of  cavitation  is  firmly  identified  with  ultrasound  recurrence 
and  also  bubble  qualities,  for  example,  magnitude  and  structure.  Since  cavitation  cores  in 
biologic  conditions  are  irregular  in  size,  sort,  and  shape,  the  probability  of  cavitation  is 
erratic  (Pinon-Segundo  and  Guadalupe,  2017). 


1 5*6*4  Passage  Across  the  Skin 

Over  the  past  few  years,  various  efforts  have  been  made  to  exploit  the  potential  of  sono- 
phoresis  in  skin  penetration  pathways.  Therapeutic  agents  get  transported  passively 
through  the  lipid  bilayer  of  SC.  There  is  a  huge  difference  in  drug  partitioning  and  diffu¬ 
sion  coefficients  of  compounds  because  of  nonuniform  and  aeolotropic  characteristics  of 
the  bilayer  (Liu  et  al.,  2014).  As  a  consequence  of  this,  drugs  are  supposed  to  pass  through 
the  skin  following  a  twisted  corridor  present  inside  a  lipid  bilayer  interface  or  other  sites 
of  constructive  disorganization  by  augmented  compounds.  The  more  the  lipid  partition 
coefficient  of  the  drug,  the  better  will  be  the  passive  permeability  across  the  skin  (Gratieri 
et  al.,  2013).  Passage  of  aqueous  soluble  agents  via  skin  can  occur  through  hair  follicles 
also,  sweat  conduits,  which  may  take  into  account  the  dispersion  of  solutes  not  just  over 
the  SC,  but  also  the  epidermis.  On  the  other  hand,  transportation  of  drugs  through  sono- 
phoresis  is  not  related  to  their  hydrophobicity  but  to  a  certain  extent  relies  on  the  forma¬ 
tion  of  water  channels  across  the  SC  (Das  Kurmi  et  al.,  2017). 


15*6*5  Sonophoresis  in  Transdermal  Drug  Delivery 

Various  literature  has  been  produced  furnishing  the  potential  of  sonophoresis  in  skin 
permeability  enhancement.  Transdermal  delivery  of  drugs  such  as  heparin,  ketoprofen, 
insulin,  and  diclofenac  sodium  became  a  major  issue  after  the  preliminary  management 
of  polyarthritis  by  hydrocortisone  ointment  by  Fellingher  and  Schmidt  in  the  early  1950s. 
Boucaud  et  al.  examined  the  potential  of  sonophoresis  at  20  KHz  with  2.5W/cm2  on 
transdermal  convey  of  fentanyl  and  caffeine  through  both  hairless  rat  and  human  skin. 
Fentanyl  is  largely  used  to  mitigate  pain  in  either  surgery  or  tumor  patients,  while  caf¬ 
feine  is  largely  recognized  stimulant  utilized  for  management  of  lipodystrophy.  As  a 
result,  there  was  about  35%  increased  transdermal  transport  of  Fentanyl  and  about  four 
times  increased  transport  of  caffeine  across  both  human  and  rat  skin  (Boucaud  et  al., 
2001). 

Heparin,  which  is  a  generally  utilized  anticoagulant,  is  controlled  by  intravenous  or 
subcutaneous  infusions  for  the  treatment  and  counteractive  action  of  venous  thrombo¬ 
embolism.  Mitragotri  et  al.  explored  different  in  vitro  avenues  regarding  sonophoresis  of 
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20  KHz  with  7  W/ cm2  (ISAPA)  to  administer  heparin  or  low  subatomic  weight  heparin 
over  the  skin.  Biologic  movement  of  transdermally  administered  heparin  was  measured 
utilizing  initiated  thickening  time  and  by  measuring  hostile  to  Xa  (aXa)  action. 
Transdermally  administered  low  subatomic  weight  heparin  caused  aXa  to  increase  in 
the  blood. 

The  transdermal  transition  of  heparin  was  observed  to  be  around  21 -fold  higher 
through  the  sonicated  skin  in  contrast  to  the  nonsonicated  skin.  This  outcome  was  in  a 
high  variance  to  subcutaneous  or  intravenous  infusions  of  LMWH,  which  brought  about 
just  impermanent  rises  of  aXa  levels  (Mitragotri  and  Kost,  2001).  Investigators  suggested 
that  patients  may  utilize  an  item  in  light  of  this  innovation  for  the  duration  of  the  day  to 
maintain  heparin  fixation  in  the  blood.  The  measurements  of  heparin  might  be  controlled 
through  skin  penetrability,  treatment  territory,  or  LMWH  focusing  on  the  supply  of  the 
fixed  framework  under  the  impacts  of  sonophoresis. 

Ketoprofen  is  a  nonsteroidal  calming  drug  overwhelmingly  utilized  for  treatment  of 
rheumatoid  joint  inflammation  and  osteoarthritis  and  additionally  to  mitigate  minor 
injuries  and  menstrual  pain.  Herwadkar  et  al.  explored  the  potential  of  sonophoresis  in 
transdermal  delivery  of  ketoprofen  (Herwadkar  et  al.,  2012).  They  conducted  an  in  vitro 
study  on  hairless  rat  skin  up  to  24  h  by  utilizing  Franz  diffusion  cell;  the  frequency  for 
sonophoresis  was  kept  at  20  KHz  with  6.9W/cm2.  Results  showed  that  there  was  an 
increased  penetration  of  ketoprofen  from  74.87  ±  5.27  lg/ cm2  with  reflexive  delivery  to 
491.27  ±  47.78  lg/cm2.  Hence  it  was  concluded  from  the  research  that  sonophoresis  is  an 
effective  alternative  for  transdermal  delivery  of  ketoprofen. 

Sonophoresis  also  gained  immense  popularity  in  transdermal  delivery  of  insulin 
because  of  the  increasing  threat  of  diabetes.  Insulin  therapy  in  diabetes  requires  cyclical 
penetration  of  painful  injections  resulting  in  increased  chances  of  wound  generations  at 
the  skin  of  diabetic  patients.  Hence  in  these  conditions,  nonocclusive  transdermal  insulin 
delivery  would  be  a  fruitful  option  to  avoid  these  issues.  There  are  several  exploratory 
experiments  reported  on  the  successful  transdermal  delivery  of  insulin.  Smith  et  al. 
reported  on  the  in  vitro  transportation  of  insulin  through  the  skin.  Studies  were  conducted 
with  two  types  of  lightweight  cymbal  transducer  arrays,  a  stacked  array  with  strength 
(ISPTP)  of  14.4  ±  0.2  mW/cm2  and  a  typical  arrangement  with  an  intensity  (ISPTP)  of 
173.7  ±  1.2  mW/cm2  at  20  kHz.  Contrasted  with  unreceptive  conduction  (4.1  ±  0.5  U)  over 
a  contact  period  of  1  h,  the  typical  array  assisted  increment  by  seven  times  in  the  noninva- 
sive  transdermal  transfer  of  Humulin  R  insulin  (45.9  ±  12.9  U).  The  results  using  Humalog 
insulin  with  the  standard  array  showed  a  fourfold  increment  in  the  sonophoresis  assisted 
conduction  over  the  control  group  (Smith  et  al.,  2003)  Some  of  the  examples  of  applica¬ 
tions  of  sonophoresis  in  transdermal  drug  delivery  are  presented  in  Table  15.2. 


15*6*6  Electroporation 

Electroporation  is  the  process  of  reciprocal  electric  collapse  of  definite  dielectric  mem¬ 
branes  such  as  lipid  bilayers.  On  application  of  the  immediate  pulse,  a  powerful  break¬ 
down  takes  place  across  a  membrane.  When  the  entire  energy  of  the  pulse  reaches  the 
threshold  value,  the  membrane  starts  recovering  from  the  breakdown  (Medi  et  al.,  2017). 
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Application 
Intensity  (M.W 
Dalton) 

Skin  Tissue 
(Animal/ 

Human) 

Ultrasound  Parameter 

Therapeutic 

Agent 

Frequency 

Intensity 

Sonication 

time 

Duty 

Ascorbic  acid 

176 

Pig  Ear 

1  MHz 

2.3,  3.2  W/cm2 

1,  10, 

20  min 

CW  mode 

Tetanus  toxoid 

150,000 

Mouse 

20  kHz 

2.4  W/cm2 

80  sec 

50% 

Hyaluronan 

1000 

Rabbit 

1  MHz 

400  mW/cm2 

10  min 

CW  mode 

Lanthanum 

nitrate 

433 

Mouse  (in  vivo) 

25  kHz 

800  mW/cm2 

5  min 

CW  mode 

Ketoprofen 

254 

Rat  (in  vitro) 

20  kHz 

6.9  W/cm2 

0.5—2  min 

50%,  100% 

Diclofenac 

296 

Human  (in  vivo) 

1  MHz 

0.5  W/cm2 

5  min 

- 

Salicylic  acid 

138 

Rat  (in  vivo) 

20  kHz 

125  mW/cm2 

- 

10% 

Estradiol 

272 

Human 
(in  vitro) 

20  kHz 

125  mW/cm2 

- 

10% 

Triamcinolone 

acetonide 

434 

Mouse  (in  vitro) 

1,  3  MHz 

1.0,  2.5  mW/cm2 

10  h 

CW  mode. 
Pulse  mod 

Caffeine 

194 

Pig  (in  vitro) 

3  MHz 

0.2  W/cm2 

240  min 

CW  mode 

The  verge  prospective  for  the  momentary  electrical  crash  of  cellular  membranes  is  approx¬ 
imately  0.5  V.  The  technique  utilized  for  enhanced  transdermal  delivery  of  drugs  consists 
of  an  increase  in  the  potential  of  0.  5  V  at  both  ends  of  the  cell  (size  10  pm)  is  1000  V/cm2. 
For  transdermal  electroporation,  there  is  need  for  development  of  electrical  potential 
through  the  dielectric  membrane,  that  is,  subcutaneous  tissue  (Zorec  et  al.,  2016). 

The  subcutaneous  tissue  is  a  multilayered  sandwich-like  structure  consisting  20  layers 
of  corneocytes  covered  by  10  layers  of  lamellae  with  the  final  cover  of  the  epidermis.  To 
cross  this  complicated  barrier,  the  minimum  voltage  of  applied  pulses  must  be  75— 100  V. 
Some  of  the  pores  remained  released  for  some  time  after  the  blocking  of  pulsatile  series, 
and  during  this  passage  of  time  drugs  get  the  opportunity  to  pass  through.  Usage  of 
chemical  enhancers  can  also  increase  the  electroporation-based  transport  of  drugs  by 
widening  or  extending  the  lifetime  of  electric  pores  (Zorec  et  al.,  2013).  A  schematic  repre¬ 
sentation  of  electroporation  is  depicted  in  Fig.  15.9. 


15.6.6.1  Factors  Affecting  Electroporation-Based  Transdermal  Delivery 

Molecular  size  and  formulation  composition  play  an  essential  responsibility  in  the 
passage  of  the  drug  molecule  through  the  skin.  For  example,  quantity  of  polymer  in  hydro¬ 
gels  fundamentally  affects  the  transport  of  drugs  passing  with  the  help  of  electrical  based 
permeation.  Counterions  attached  with  polymers  may  also  considerably  alter  drug  perme¬ 
ation  by  application  of  competitive  ion  effect  (Singhal  and  Kalia,  2017).  For  example. 
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FIGURE  15.9  Schematic  illustration  of  the 
phenomenon  of  electroporation.  (A)  Before  the 
application  of  the  electrical  pulse.  (B)  During 
the  application  of  the  electrical  pulse.  (C)  After 
the  electrical  pulse.  Controlled,  millisecond 
pulses  induce  temporary  pores  in  the  skin;  on 
the  removal  of  electrical  pulses,  skin  reseals  and 
is  left  unharmed. 


transdermal  delivery  of  the  drug  nalbuphine  was  considerably  declined  while  trying  to 
deliver  through  electroporation;  the  rationale  behind  this  was  attributed  to  increased  quan¬ 
tity  and  Mol  weight  of  hydroxypropyl  methylcellulose  (HPMC)  and  sodium  carboxymethyl- 
cellulose.  Transport  efficacy  of  molecules  with  weight  less  than  1000  also  critically  relies  on 
their  charge  potential  and  polarity  (Biradar  and  Sanghavi,  2014).  Independent  of  polarity 
charged  molecules  furnish  increased  transdermal  delivery  in  contrast  to  uncharged  mole¬ 
cules.  All  these  underlying  principles  indicate  that  electrophoresis  is  the  fundamental 
dynamic  force  behind  unreceptive  dispersal  of  charged  molecules  (Pavselj  et  al.,  2015). 

Electroporation  accelerates  stable  passing  of  molecules  through  the  skin  in  few  minutes, 
which  can  be  managed  by  electrical  parameters  of  distributed  pulsates  and  the  concentra¬ 
tion  of  drug  (Shah,  2014).  The  complicated  barrier  of  the  human  epidermis  is  considerably 
negotiated  at  a  verge  voltage  of  75  V,  resulting  in  a  spiky  increment  in  the  permeability  of 
human  epidermis.  This  is  evidenced  by  a  dramatic  increment  in  the  delivery  of  terazosin 
hydrochloride  across  rat  skin  when  an  enhanced  voltage  of  23  V  was  applied,  that  is,  at  an 
initial  voltage  of  44  V  no  such  significant  increase  was  seen,  whereas  as  soon  as  the  voltage 
increased  to  67  V,  a  very  significant  increment  in  the  delivery  was  observed.  This  indicates 
that  pulse  length  is  directly  proportional  to  the  driving  force  required  to  pass  a  molecule 
through  the  skin.  There  is  a  direct  relationship  found  between  pulse  length  and  a  number 
of  pulses  with  the  quantity  of  terazosin  delivered  (Han  and  Das,  2013). 


15.6.6.2  Electroporation  in  the  Delivery  of  Therapeutic  Agents  With  Low  Molecular 
Weight 

Blagus  et  al.  utilized  another  in  vivo  constant  checking  scaffold  in  light  of  fluorescently 
named  particles  for  the  evaluation  of  transdermal  and  topical  medication  transportation. 
Mouse  skin  was  taken  for  execution  of  electroporation  and  was  carried  out  with  novel 
nonintrusive  multiexhibit  terminals,  assigning  assorted  amplitudes  of  electrical  pulses 
running  from  70  to  570  V,  between  the  cathode  stick  sets.  Patches  doused  with  fentanyl 
(FEN)  or  doxorubicin  (DOX)  were  connected  to  the  dermis  followed  by  application  of 
electroporation.  There  was  expanded  transdermal  passage  up  to  the  adequacy  of  360  V, 
and  afterward  an  abatement  at  elevated  amplitudes  (460  and  570  V). 
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Transportation  through  topical  application  was  greatly  improved  by  expanding  the 
adequacy  of  the  conveyed  electric  heartbeats,  being  much  increased  than  after  tape 
stripping  was  utilized  as  a  constructive  control.  The  nonobtrusive  checking  of  the  convey¬ 
ance  of  DOX,  a  fluorescent  chemotherapeutic  medication,  subjectively  and  quantitatively 
affirmed  the  impacts  of  EP  at  358  and  568  V  beat  amplitudes  on  topical  and  transdermal 
medication  conveyance.  Conveyance  of  FEN  at  358  and  568  V  beat  amplitudes  was  found 
in  harmony  with  DOX.  The  FEN  pain  relieving  action  was  resolved  by  measuring  cornea 
reflex,  pinna  reflex,  muscle  reflex,  tail  abandonment  inertness  and  FEN  plasma  levels  were 
less  articulated  at  the  electric  heartbeats  with  the  plentifulness  of  568  V  than  at  358  V 
(Blagus  et  al.,  2013). 

Vanbever  et  al.  investigated  the  delivery  of  metoprolol  through  transdermal  penetra¬ 
tion  through  complete  depth  bald  rat  derma  in  vitro  after  electroporation  with  the  help 
of  an  exponentially  decreasing  beat.  Use  of  electric  pulses  expanded  metoprolol  penetra¬ 
tion  when  contrasted  with  inactive  dispersion  throughout  the  unprocessed  skin. 
Increasing  the  number  of  twin  pulses  (300  V,  3  ms;  trailed  1  s  by  98  V,  618  ms)  from  1  to 
20  expanded  medication  transfers.  Single  pulse  (99  V,  618  ms)  was  as  powerful  as  double 
pulse  application  (2200  V,  1100  V  or  300  V,  3  ms;  trailed  1  s  by  98  V,  618  ms).  The  authors 
additionally  assessed  the  impact  of  pulse  voltage  on  transcutaneous  metoprolol  delivery. 
They  connected  five  single  pulses  (each  isolated  by  1  min)  at  different  voltages  from  23 
to  448  V  (beat  time  620  ms).  A  linear  relationship  between  pulse  voltage  and  aggregate 
metoprolol  transported  after  4  h  suggested  that  voltage  managed  the  amount  of  medica¬ 
tion  transported.  These  amounts  were  augmented  in  accordance  with  the  voltage.  The 
threshold  of  the  voltage  necessary  to  detect  some  increase  in  metoprolol  permeation  was 
around  24  V  for  these  electrical  conditions.  As  the  pulse  duration  of  five  single  pulses  of 
100  V  varied  from  80  to  700  ms,  the  quantities  of  metoprolol  transported  increased  line¬ 
arly  (each  beat  was  additionally  isolated  by  1  min).  In  a  similar  report,  it  was  likewise 
exhibited  that  pulse  time  was  a  contributing  aspect  to  upgraded  combined  transport 
(Vanbever  et  al.,  1994). 

Hu  et  al.  additionally  examined  the  impact  of  electroporation  in  transdermal  delivery  of 
tetracaine  over  rat  skin.  Electroporation  (square-wave  beat,  voltage  130  V,  beat  time  0.4  s, 
beat  recurrence  40  beats  for  every  min)  upgraded  transdermal  dissemination  of  tetracaine. 
The  percutaneous  motion  of  the  medication  at  0.22  h  following  electroporation  (beat  num¬ 
ber  400)  was  52.3  ±  2  pg/cm2/h.  The  comparing  latent  conversion  was  8.29  ±  5  pg/cm2/h. 
It  has  been  exhibited  in  the  reports  that  elevated  power  electric  pitch  pulses  can  improve 
the  transdermal  transport  of  hydrophilic  mixes  (Hu  et  al.,  2000). 

One  of  the  hydrophilic  (3-adrenergic  blocking  operators,  that  is.  Timolol  was  utilized  as 
a  part  of  the  administration  for  hypertension,  arrhythmias,  and  angina  pectoris. 
Researchers  considered  the  plausibility  of  utilizing  electroporation  to  increase  percutane¬ 
ous  entrance  of  timolol.  They  used  electrical  wave  pulses  and  electroporation  technique, 
which  improved  the  passage  of  timolol  via  skin  by  1—2  times  when  contrasted  with 
inactive  dissemination. 

15.6.6.3  Electroporation-Based  Transdermal  Delivery  of  Macromolecules 

Zorec  et  al.  considered  the  impact  of  the  series  of  various  electric  pulses  (square 
wave)  in  electroporation  through  transdermal  approach.  The  majority  of  electroporation 
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conventions  utilize  a  similar  redundant,  for  the  most  part  exponentially  decaying  pulse, 
however,  this  examination  looked  at  changed  mixes  of  square  wave  small  elevated 
power  (HV)  and  extended  squat  voltage  (LV)  pulses  in  electroporation.  In  vitro  studies 
revealed  that  extended  LV  pulses  notably  enhanced  the  succeeding  compliant  passage  of 
calcein  through  the  dermatomed  skin  of  a  pig,  whereas  small  HV  beats  only  brought 
about  unimportant  calcein.  Surprisingly,  while  the  extended  LV  pulse  was  preceded  by 
brief  span  HV  pulses,  the  aggregate  calcein  transported  was  lessened  fundamentally 
(Zorec  et  al.,  2013). 

Sen  et  al.  likewise  examined  the  impact  of  l,2-dimyristoyl-3-phosphatidylserine  (DMPS) 
and  electroporation  in  the  transportation  of  insulin  through  the  percutaneous  pathway. 
Epidermis  layer  was  subjected  to  pulsatile  charging  for  10  min  and  upgrading  impact  of 
DMPS  on  insulin  was  analyzed  by  determining  the  vehicle  in  the  presence  and  absence  of 
DMPS  (2  mg/mL).  Electroporation  was  done  utilizing  a  rhythm  originator  conveying  a 
solitary  or  different  unipolar  square  pulse  of  100—105  V.  The  researchers  discovered  that 
while  electroporation  was  completed  within  sight  of  DMPS,  there  was  a  substantial 
improvement  (20  times)  in  insulin  transportation.  Moreover,  while  within  sight  of  the 
phospholipid,  nearly  all  the  transported  insulin  was  distinguished  in  the  collector  com¬ 
partment;  excluding  lipids,  a  large  portion  of  insulin  was  transported  in  the  recipient  sec¬ 
tion  whereas,  on  the  other  hand,  a  large  proportion  of  insulin  remained  in  the  epidermis 
(Sen  et  al.,  2002). 

Electroporation  is  also  utilized  as  a  part  of  trial  settings  for  a  quality  move  into  and 
throughout  the  skin.  This  is  typically  a  two-advance  development  including  skin  permea- 
bilization  by  electrophoresis.  A  few  agents  have  accomplished  skin  permeabilization  by 
utilizing  elevated  power  (HV)  pulses.  These  pulses  are  short  (around  100  ms)  and  strong 
(around  1000  V/ cm)  (Wong,  2014).  After  a  specific  timeframe,  electrophoresis  is  conveyed 
by  the  use  of  low  voltage  (LV)  pulses.  These  are  long  (around  a  few  100s  of  milliseconds) 
and  less  extreme  (about  100  V  for  every  centimeter)  pulses.  Topical  as  well  as  transdermal 
electroporation  may  be  clinically  pertinent  for  the  administration  through  skin  tissue,  cuta¬ 
neous  tumors,  immunizations,  and  fundamental  metabolic  ailments  (Blagus  et  al.,  2013). 
Typically,  cutaneous  quality  electrotransfer  (GET)  is  done  after  intradermal  DNA  infusion. 
Guo  et  al.  demonstrated  plasmid  DNA  conveyance  with  a  multielectrode  cluster  (MEA)  in 
a  bald  guinea  pig.  The  researchers  observed  a  critical  increase  (up  to  4  logs)  in  quality 
articulation  with  intradermal  DNA  by  topical  nonintrusive  skin  quality  electrotransfer.  It 
is  additionally  essential  to  underscore  that  in  this  examination,  quality  articulation  was 
observed  only  in  the  epidermis  (Guo  et  al.,  2011). 


15.6.7  Nanocarrier  Systems:  A  Revolution  in  the  Transdermal  Delivery 
of  Therapeutics 

15.6.7.1  Liposomes 

To  improve  and  optimize  transdermal  drug  delivery  systems,  studies  are  being  made  to 
outline  new  vehicles  or  use  sedate  bearers  to  guarantee  sufficient  entrance  and  all  the  more 
critically,  restriction  of  the  medication  inside  the  skin.  Among  the  diversified  drug  carrier 
available  frameworks,  liposomes  appear  to  have  the  optimum  potential  as  localizing  agents 
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for  transdermally  applied  medications  (Mura  et  al.,  2014).  Liposomes  are  diminutive,  round 
vesicles  comprised  of  amphipathic  oily  organic  compounds,  encasing  an  aqueous  center. 
The  lipids  are  dominatingly  phospholipids,  which  frame  two  layer-like  structures  found  in 
biological  membranes  (Mishra  et  al.,  2006).  Most  of  the  time  the  significant  part  is  phosphati¬ 
dylcholine.  Relying  on  the  handling  situations  and  the  substance  organization,  liposomes 
are  framed  with  one  or  a  few  concentric  bilayers  (Mennini  et  al.,  2016). 

Research  on  liposomes  as  a  topical  medication  was  first  exploited  by  Mezei  et  al.  in 
1980.  Mezei  first  recommended  that  liposomes  might  be  helpful  medication  transporters 
for  the  nearby  treatment  of  skin  maladies.  The  recommendation  was  based  upon  medi¬ 
cated  mean  or  information  acquired  by  subsequent  topical  use  of  the  steroid  triamcino¬ 
lone  acetonide  consolidated  in  phospholipid  liposomes  planned  as  moisturizers  or  gels. 
An  embodiment  of  triamcinolone  acetonide  into  liposomes  brought  about  a  vehicle  sub¬ 
ordinate  4.5  to  4.9  crease  increments  in  the  measure  of  drug  recovered  from  the  epider¬ 
mis  (Dubey  et  al.,  2007). 

Mezei  proposed  that  utilization  of  dermatological  medications  in  liposomal  formulation 
system  in  contrast  to  conventional  delivery  systems  promoted  transdermal  delivery 
through  stratum  corneum  and  subcutaneous  tissues  (Mezei  and  Gulasekharam,  1980).  On 
application  of  few  corroborative  investigational  and  clinical  examinations,  generally,  strik¬ 
ingly  those  of  Weiner  et  al.  Numerous  different  examinations  have  demonstrated  the  capa¬ 
bility  of  phospholipid  liposomes  to  expand  the  skin  substance  of  topically  connected 
medications  (Weiner  et  al.,  1989). 

Out  of  the  diversified  range  of  therapeutic  agent  transporters,  liposomes  have  appeared 
to  upgrade  the  entrance  of  the  active  agents  into  the  live  epidermis  and  dermis,  restrict 
the  medication  at  the  site  of  activity,  and  lessen  percutaneous  absorption  (Mishra  et  al., 
2008).  In  this  manner,  it  is  conceivable  to  lessen  the  dosage  of  the  medication  trapped  in 
the  liposomal  frame  and  accomplish  a  superior  estimation  of  the  restorative  list  (Mishra 
et  al.,  2007).  Liposomes  administered  topically  are  valuable  in  keeping  up  managed  (pro¬ 
gressive)  arrival  of  the  drugs  as  a  result  of  the  undeviating  collaboration  of  the  medication 
discharging  vesicles  with  cells  at  the  objective  site  of  the  infected  skin  (Jain  et  al.,  2017). 
Nearby  sedative  operators,  antifungal  agents,  antileprotic  operators,  antitoxins,  peptides/ 
proteins,  vitamins,  and  antineoplastic  agents  are  those  substances  that  use  liposomal  appli¬ 
cation  in  such  a  way  that  they  assure  the  potential  when  connected  topically  for  confined 
medication  deliveries  (Allen  and  Cullis,  2013). 

The  primary  examination  on  the  pertinence  of  liposomes  as  medication  transporters 
for  the  dermal  course  of  the  organization  was  accounted  by  Mezei  and  Gulasekharam. 
These  agents  revealed  that  liposome  capture  of  triamcinolone  acetonide  (TRMA) 
expanded  its  statement  in  the  shaved  rabbit  skin  and  lessened  diminished  its  percutane¬ 
ous  absorption  to  a  noteworthy  stage.  Outcomes  demonstrated  that  the  liposomal  plan, 
as  contrasted  and  an  organized  relieve  conveyed  4.5  times  enhanced  delivery  to  the  epi¬ 
dermis  and  dermis,  and  substantially  decreased  delivery  at  the  thalamic  area,  a  conceiv¬ 
able  site  of  unsociable  impacts.  Afterward,  they  furnished  that  conduct  with  the  foresaid 
liposomal  preparation,  which  has  been  strengthened  in  a  hydrocolloid  gel  vehicle,  gave 
a  convergence  of  TRMA  roughly  5  times  superior  in  epidermis  and  3  times  better  in  the 
dermis  as  contrasted  with  free  TRMA  fused  in  a  similar  hydrocolloid  gel  vehicle  (Mezei 
and  Gulasekharam,  1980). 
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Safeguarding  of  skin  is  also  one  of  the  good  attributes  of  liposomes.  Outcomes  of 
research  by  Miyachi  et  al.  revealed  that  on  exposure  of  single  bright  radiation,  skin  super¬ 
oxide  dismutase  (SOD)  action  was  completely  diminished  after  24  h.  The  possible  rationale 
behind  this  is  that  the  diminished  SOD  action  after  the  presentation  to  bright  radiation 
was  reduced  on  prior  treatment  of  skin  with  liposomal  loaded  SOD.  This  defensive  impact 
of  the  exemplified  SOD  might  consist  of  powerful  medical  applicability  for  photodermatol- 
gical  responses.  Liposomal  lipids  might  be  helpful  in  stabilizing  the  weakened  difficult 
capacity  of  eczematous  skin  (Miyachi  et  al.,  1986). 

In  this  sense,  liposomes  have  been  used  to  explore  a  new  path  in  the  field  of  skin  gene 
treatment  as  the  skin  becomes  an  alluring  location  for  the  confined  quality  treatment  of 
dermatological  pathologies  and  as  an  impending  antigen  bioreactor  following  transdermal 
delivery.  The  most  used  nonviral  quality  delivery  system  includes  the  formation  of 
complexes  of  cation-based  liposomes  with  plasmid  DNA  (pDNA)  to  frame  lipid— pDNA 
vectors  that  shield  the  DNA  from  nuclease-intervened  debasement  and  enhance 
transgene-cell  collaborations. 

In  spite  of  various  investigations  looking  at  the  impetus  for  these  vectors  in  convey¬ 
ing  qualities  to  an  assortment  of  keratinocyte  replica,  examinations  concerning  the 
topical  use  of  such  structures  to  skin  tissue  are  constrained.  This  ex  vivo  study  was 
applied  on  hairless  mice  skin  tissue,  which  furnished  positive  indications  about  the 
topical  structure  of  cationic  lipid  and  DNA  along  with  the  articulation  of  correspondent 
pDNA  (33-overlay  higher  analyzed  with  control)  infeasible  epidermal  tissue.  The 
ex-vivo  study  design  presented  for  integral  skin  tissue  that  has  not  been  subjected  to 
depilatory  process  of  potential  loss  to  stratum  corneum  barrier  function,  and  can  be 
used  for  the  quantitative  and  proficient  assessment  of  a  potentially  extensive  series  of 
nonviral  gene  vectors  fabricated  for  epidermal  expression  (Burchill  et  al.,  2001). 

Kwon  et  al.  developed  cell-penetrating  peptide-conjugated  liposomes  as  a  transdermal 
delivery  system  of  Polygonum  aviculare  L.  extract  and  compared  with  conventional  liposomes 
made  of  dioleoyl  phosphatidylcholine  (DOPC)  (Kwon  et  al.,  2015).  The  particle  sizes  of  the 
developed  formulations  were  approximately  the  same  and  were  around  150  nm.  However, 
the  values  of  zeta  potential  varied  significantly  from  —45  to  +42  mV  respectively  for  DOPC 
liposomes  to  CPP-conjugated  liposomes.  Moreover,  the  permeation  depth  of  both  DOPC 
and  CPP— DOPC  liposomes  was  enhanced  over  time,  and  both  formulations  exhibited  simi¬ 
lar  rhodamine  B  and  FITC  fluorescence  intensity  on  exposure  for  1  h  (Fig.  15.10). 

A  comparison  6  h  after  the  exposure  showed  the  skin  treated  with  CPP— DOPC  lipo¬ 
somes  to  be  substantially  stained  with  rhodamine  B  compared  with  the  DOPC  counter¬ 
part.  However,  even  after  12  h  of  exposure,  the  DOPC  liposomes— treated  skin  was  less 
stained  with  the  red  fluorescent  dye.  Further,  FITC  was  confined  to  the  outer  lipid 
bilayer  while  rhodamine  B  penetrated  to  the  hydrophilic  core  of  the  liposomes.  From  the 
study,  it  can  be  concluded  that  phospholipids  can  disturb  the  intercellular  lipid  lamellae 
of  the  stratum  corneum  and  rhodamine  B  in  the  core  could  be  delivered  to  deeper  skin 
layers.  Apart  from  skin  permeation  observation  using  CLSM,  investigators  also  per¬ 
formed  an  antiwrinkle  study.  Visual  examination  of  wrinkle  formation  on  exposure  to 
UV  radiation  in  hairless  HR-1  mice  4  and  12  weeks  following  the  initiation  of  the  experi¬ 
ment  (Fig.  15.11)  demonstrated  the  superiority  of  CPP-DOPC  and  DOPC  liposomes  in 
reducing  the  wrinkle  formation  over  control  and  untreated  groups. 
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FIGURE  15.10  Confocal  laser  scanning  microscopy 
(CLSM)  images  of  skin  permeation  of  the  DOPC 
liposomes  and  CPP-DOPC  liposomes  containing  rhoda- 
mine  B  and  FITC;  under  blue  (DAPI),  red  (rhodamine  B), 
and  green  (FITC)  filter.  Scale  bar  =  20  pm.  Hairless  Qll 
rat  skins  were  treated  with  DOPC  liposomes  and 
CPP-DOPC  liposomes  containing  FITC  and  rhodamine 
B  and  penetration  of  the  fluorescent  dye  was  assessed  by 
CLSM.  Source:  Adapted  with  permission  from  Kwon,  S.S., 
Kim,  S.Y.,  Kong ,  B.J.,  Kim ,  K.J.,  Noh,  G.Y.,  lm,  N.R.,  et  al. 
2015.  Cell  penetrating  peptide  conjugated  liposomes  as  trans- 
dermal  delivery  system  of  Polygonum  aviculare  L.  extract.  Int. 
J.  Pharm.,  483(1-2 ),  26-37. 
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FIGURE  15.11  Wrinkle  formation  induced  by  UV-B 
radiation  in  HR-hairless  mouse  dorsal  skin  on  4th  week  and 
12th  week.  Source:  Adapted  with  permission  from  Kwon ,  S.S., 
Kim ,  S.Y.,  Kong ,  B.J. ,  Kim ,  K.J. ,  Noh, ,  G.Y.,  lm,  N.R. ,  et  al.  2015. 
Cell  penetrating  peptide  conjugated  liposomes  as  transdermal  deliv¬ 
ery  system  of  Polygonum  aviculare  L.  extract.  Int.  J.  Pharm.,  483 
(1-2),  26-37. 
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Whereas  the  UV  radiation  group  showed  the  most  wrinkle  formation,  CPP-DOPC 
treated  group  had  the  least.  The  other  parameter  used  for  the  antiwrinkle  study  was 
phase  shift  rapid  in  vivo  measurement  of  skin  (PRIMOS).  The  calculated  value  or  R 
through  PRIMOS  was  classified  into  four  groups  (Ra:  arithmetic  average  roughness,  Rq: 
root  mean  square  roughness,  Rt:  Maximum  roughness  depth,  and  Rz:  ten  point  height). 
The  UV  radiation  group  exhibited  a  300%  increase  in  Ra  value  as  compared  with  the 
control  group. 

However,  the  Ra  values  for  test  groups  treated  with  1,3-BG  and  DOPC  liposomes  were 
decreased  by  25.23%  and  43.03%  respectively.  On  the  other  hand,  the  Ra  value  of  the 
CPP-DOPC  liposomes  treated  groups  showed  a  dramatic  decrease  of  62.39%  implying 
the  merit  of  CPP-DOPC  liposomes  in  reducing  the  wrinkle  formation  even  on  the  expo¬ 
sure  of  skin  to  UV  radiation.  The  other  R-values  displayed  similar  trends  to  Ra  value.  The 
above  results  along  with  CLSM  study  indicate  that  CPPs  can  enhance  the  permeation  of 
liposomes  through  the  epidermal  layer. 


15.6.7.2  Mechanistic  Behind  Transdermal  Delivery  Through  Liposomes 

Foldvari  and  Mezei  hypothesized  the  mechanism  for  clarifying  the  impact  of  liposome 
embodiment  of  drugs.  In  the  traditional  therapeutic  products,  the  'Tree"  medication 
ought  to  be  discharged,  move  to  the  exterior  facade  of  the  skin,  and  break  up  (on  the  off 
chance  that  it  is  not  in  arrangement  frame)  before  being  retained  into  the  stratum  cor- 
neum.  The  medication  in  the  liposomal  shape  would  not  need  to  be  discharged. 
Circulation  in  the  keratin  layer  is  an  issue  since  the  lipid  vesicles  are  promptly  miscible 
with  the  skin  surface  lipids.  A  communication  of  phospholipids  with  skin  lipids  could 
prompt  a  basic  improvement  of  the  skin's  layer,  and  along  these  lines  changes  its 
obstruction  work.  Phospholipids  are  stuck  externally  to  the  keratin  of  the  horny  layer 
forming  a  coat  on  the  skin.  This  film  lipophilizes  the  exterior  coat  of  the  skin,  and  in 
addition,  it  can't  be  evacuated  at  all  with  water  and  can  be  expelled  as  with  a  cleanser 
(Foldvari  et  al.,  1990). 

In  the  second  step,  the  medication  ought  to  overcome  the  horny  layer.  The  vehicle  might 
comprise  an  occlusive  impact  that  upgrades  hydration  of  the  keratin  layer;  this  thusly  builds 
the  porousness  of  that  layer.  However,  in  an  exploration  of  superior  dermatological  pro¬ 
ducts,  several  approaches  have  been  made  to  fabricate  novel  vehicles  or  employment  of 
drug  carriers  to  assure  sufficient  permeability  and  most  significantly,  restriction  of  the  drug 
inside  the  skin.  The  liposomal  shape  has  the  exceptional  capability  for  hydrating  the  horny 
layer;  lipid  vesicles  could  present  lipid  film,  which  increases  the  skin  surface  lipids. 

In  the  third  step,  when  the  medication  reaches  the  epidermis,  the  dispersion  rate  of  the 
"free"  shape  is  relied  upon  to  be  superior  to  that  of  the  liposome  shape  as  a  result  of  the 
distinction  in  the  estimate.  The  slower  dissemination  of  the  lipid  vesicles  gives  a  more 
drawn  out  retention  time  for  the  ideal  medication. 

In  the  fourth  step,  due  to  an  elevated  focus  inclination,  the  blood  flow  rapidly  expels 
the  free  drug.  The  bigger  liposomes,  on  account  of  their  size,  are  not  ready  to  infiltrate 
the  blood  vessels;  along  these  lines,  the  cutaneous  freedom  of  liposomal  drugs  is  less 
than  that  of  the  free  medication.  A  schematic  of  liposome— skin  interaction  is  shown  in 
Fig.  15.12. 
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FIGURE  15.12  The  projected 
mechanism  for  contact  between 
liposomes  and  skin.  (1)  Vesicles  get 
ruptured,  and  the  content  released 
followed  by  permeation  of  liberated 
molecules  into  the  membrane  via  the 
intercellular  or  transcellular  route. 
(2)  Unilamellar  vesicles  enter  into 
dermis  through  lipid-loaded  chan¬ 
nels,  where  after  disruption  they 
release  their  content  gradually.  (3) 
Transport  of  drug  from  liposome  to 
skin  after  adsorption  is  followed  by 
penetration  of  multilamellar  vesicles 
through  lipid-loaded  channels. 


1 5*6*8  Ethosomes 

Ethosomes  are  soft,  malleable  structures  consisting  of  phospholipids,  ethanol,  and 
water.  The  chief  component  of  ethosomes  are  phospholipids,  which  are  basically  hydroal¬ 
coholic  in  nature  and  have  a  hydrophilic  head  and  a  lipophilic  tail.  Phospholipids  act  as 
building  blocks  in  the  bilayer  structure  (Satyam  et  al.,  2015). 

Various  research  reports  have  furnished  the  details  on  diversified  nature  of  phospholi¬ 
pids.  In  a  research  study,  Elsayed  et  al.  presented  potential  of  ethosomes  in  skin  delivery 
of  ketotifen,  in  which  they  utilized  phosphatidylcholine  obtained  from  soybean  lecithin  as 
a  carrier.  The  developed  and  optimized  ketotifen  loaded  ethosomes  formulation  was  char¬ 
acterized  on  the  grounds  of  in  vivo  penetration,  encapsulation  efficacy,  vesicle  size,  and 
dermal  deposition  properties.  Results  of  these  studies  furnished  enhanced  delivery  of 
ketotifen  in  contrast  to  conventional  liposomes  (Elsayed  et  al.,  2007). 

Maheshwari  et  al.  evaluated  the  potential  of  ethosomes  and  ultradeformable  liposomes 
for  transdermal  delivery  of  the  antifungal  drug  clotrimazole  (Maheshwari  et  al.,  2012).  The 
sizes  of  both  the  formulations  were  measured  using  atomic  force  microscopy  (AFM).  The 
geometric  mean  diameter  and  height  of  the  autosomal  formulation  were  128  +  10.5  nm 
and  7.8  + 1.2  nm  respectively  while  for  the  ultradeformable  liposomes,  the  values  were 
120  +  9.3  nm  and  5.5  +  1.1  nm  respectively  (Fig.  15.13A  and  B). 

The  entrapment  efficiency  for  both  formulations  was  recorded  as  68.73%  ±  1.4%  for 
ethosomes  and  55.51%  ±1.7%  for  ultradeformable  liposomes.  Fig.  15.14  shows  the  delivery 
rates  of  clotrimazole  loaded  vesicles  across  excised  abdominal  rat  skin. 

Apparently,  the  ethosomal  and  ultradeformable  liposomal  formulations  have  attained 
greater  transdermal  flux  (56.25  ±  5.49  pg/h/cm2,  0.9  h  and  52.16  ±  3.84  pg/h/cm2,  1  h; 
respectively)  compared  with  the  hydroethanolic  solution  and  plain  drug  solution 
(21.25  ±  1.04  pg/h/ cm2,  1.8  h  and  1.20  ±  0.82  pg/h/ cm2,  2.7  h;  respectively).  This  increased 
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FIGURE  15.13  AFM  photomicrographs  of  (A)  ethosomal  formulation.  (B)  Ultradeformable  liposomes.  Source: 
Adapted  with  permission  from  Maheshwari,  R.G.,  Tekade,  R.K.,  Sharma ,  P.A.,  Darwhekar,  G.,  Tyagi,  A.,  Patel ,  R.P.,  et  al.r 
2012.  Ethosomes  and  ultradeformable  liposomes  for  transdermal  delivery  of  clotrimazole:  a  comparative  assessment.  Saudi 
Pharm.J.,  20(2),  161-170. 
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FIGURE  15.14  A  comparison  of  the  cumulative  amount  of  CLT  permeated  through  abdominal  rat  skin  from 
ET4,  TT3,  hydroethanolic  solution  and  plain  drug  solution  over  24  h.  Source:  Adapted  from  Maheshwari,  R.G. , 
Tekade,  R.K. ,  Sharma,  P.A.,  Darwhekar,  G.,  Tyagi,  A.,  Patel ,  R.P.,  et  al.,  2012.  Ethosomes  and  ultradeformable  liposomes  for 
transdermal  delivery  of  clotrimazole:  a  comparative  assessment.  Saudi  Pharm.  ].,  20(2),  161—170. 

permeation  with  ethosomal  formulation  may  be  due  to  the  ethanolic  content  in  the  core 
whereas  xerophobia  and  the  naturally  occurring  in  vivo  transcutaneous  hydration  gradient 
can  be  the  driving  forces  for  permeation  of  ultradeformable  liposomes  through  the  skin. 
Thus,  by  entrapment  efficiency  and  drug  delivery  rates,  ethosomes  can  be  perceived  as  the 
most  efficient  carrier  for  transdermal  delivery  of  clotrimazole. 


1 5*6*9  Mechanism  of  Action 

The  semipermeable  nature  of  SC  acts  as  a  barrier  towards  entry  of  many  drugs  and 
bioactives,  and  this  has  remained  an  evergreen  challenge  to  formulators.  To  resolve  this, 
scientists  and  formulators  tried  to  explore  the  potential  of  ethanol  in  the  early  1990s.  They 
found  that  incorporation  of  ethanol  in  the  lipid  formulation  system  intensifies  the  tangen¬ 
tial  and  cross  repulsion  between  the  lipid  molecules  and  the  basis  of  this  is  the  binding  of 
ethanol  with  phospholipid  bilayers.  The  repulsion  between  molecules  generates  a  pressure 
that  produces  amplification  of  a  reliant  ethanol  charge  on  area  per  molecule;  on  the  other 
hand,  further  pressure  leads  to  extreme  distension  of  PC  bilayers  in  the  aqueous  ethanol 
solutions.  As  an  outcome  of  this,  ethanol  produces  hydrocarbon  protuberance  and  maxi¬ 
mizes  the  intermembrane  partition  in  the  gel  phase;  along  with  this,  ethanol  also  broadens 
the  interface,  and  through  this,  it  enhances  the  chances  and  series  of  solvation  of  lipid 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


624  15.  CUTANEOUS  AND  TRANSDERMAL  DRUG  DELIVERY:  TECHNIQUES  AND  DELIVERY  SYSTEMS 

head  group.  This  approach  finally  acquired  success  in  1996,  where  a  team  of  Touitou  et  al. 
formulated  a  system  consisting  of  phospholipids,  double  distilled  water,  and  propylene 
glycols.  The  formulation  system  was  then  named  "ethosomes"  by  the  presence  of  ethanol 

(Touitou,  1996). 

After  coming  in  contact  with  skin,  ethosomes  perform  a  series  of  processes  in  the  SC 
and  pilosebaceous  pathways.  First,  a  disturbance  gets  produced  in  SC  lipid  bilayer 
followed  by  an  increment  in  the  fluidity  of  lipid  structure  (Fig.  15.15).  Then  these  elastic 
natured  vesicles  enter  into  disturbed  SC  bilayers  and  forge  the  pathway  across  the  skin 
via  their  particulate  elastic  nature.  Ethosomes  then  finally  fuse  with  skin  lipids  and  release 
the  drug  in  deep  layers  of  the  skin  (Pandey  et  al.,  2015). 


15.6.9.1  Ethosomes  in  Transdermal  Delivery  of  Drugs 

15.6.9.1.1  IN  ARTHRITIS 

Transdermal  transport  of  antiarthritis  drugs  is  a  superior  alternative  for  its  site- 
particular  transport  and  to  resolve  the  issues  related  to  traditional  oral  treatment.  For 
example,  cannabidiol  is  one  of  the  potential  therapeutic  agents  for  the  treatment  of 
rheumatoid  joint  pain.  Its  oral  delivery  is  related  to  various  issues  like  poor  availability 
at  the  site  of  action,  first  pass  digestion,  and  degradation  in  the  GI  tract.  To  solve  these 
issues,  Lodzki  et  al.  executed  an  approach  for  the  delivery  of  cannabidiol  via  etho¬ 
somes.  The  noteworthy  increment  in  the  biological  activity  of  the  CBD-ethosomal  for¬ 
mulation  was  noticed  when  tried  via  carrageenan  stimulated  rat  paw  edema  model. 
Assessments  were  finished  by  determining  paw  breadth  hourly  for  four  hours  after  the 
carrageenan  infusions.  At  long  last,  it  was  inferred  that  embodiment  of  CBD  in  etho¬ 
somes  primarily  expanded  its  skin  pervasion,  amassing,  and  henceforth  its  natural 
action  (Lodzki  et  al.,  2003). 


Ethosome 

Outermost  skin  layer 


Blood  vessels 


Movement  of  ethosome 
in  blood  vessel 


Complexation  between 
Ethanol  and  Phospholipids 
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FIGURE  15.15  Schematic  pre¬ 
sentation  of  transdermal  delivery 
of  ethosomes. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


15.6  ADVANCED  TECHNIQUES  FOR  TRANSDERMAL  DRUG  DELIVERY 


625 


15.6.9.1.2  IN  PARKINSON'S  DISEASE 

Dayan  and  Touitou  developed  an  ethosomal  formulation  of  the  psychoactive  drug  tri¬ 
hexyphenidyl  hydrochloride  (THP)  and  examined  its  delivery  in  contrast  to  that  of  tradi¬ 
tional  liposomal  formulations.  THP  is  a  muscarinic  antagonist  utilized  for  the  therapeutic 
management  of  Parkinson's  disease  and  demonstrated  more  prominent  penetration,  more 
noteworthy  administration  through  ethosomal  preparation  (Dayan  and  Touitou,  2000). 


15.6.9.1.3  TRANSCELLULAR  DELIVERY 

Touitou  et  al.  examined  the  effectiveness  of  transcellular  transport  of  ethosomes  in 
Swiss  albino  mice  3T3  fibroblast.  The  probes  chosen  were  D-289  [4-(4-diethylamino)  styr- 
yl-N-methyl  pyridinium  iodide],  Rhodamine  red  [dihexadecanoylglycerophosphoethanola- 
mine],  and  fluorescent  phosphatidylcholine.  The  infiltration  of  these  fluorescent  tests  into 
fibroblasts  and  mice  skin  was  inspected  by  confocal  laser  scanning  microscopy  (CLSM) 
and  fluorescent  activated  cell  sorting  (FACS)  methods.  CLSM  micrograph  demonstrated 
that  huge  amount  of  test  was  infiltrated  into  the  cells  when  consolidated  into  ethosomes 
as  appeared  from  the  high  force  of  fluorescence.  Fibroblast  suitability  tests  demonstrated 
that  the  ethosomal  bearer  was  not  harmful  to  the  refined  cells  (Godin  and  Touitou,  2004). 


15.6.9.1.4  TRANSDERMAL  TRANSPORT  OF  DNA 

Numerous  ecological  pathogens  endeavor  to  go  through  the  body  via  the  skin.  Skin 
accordingly  has  developed  into  a  great  defensive  boundary,  which  is  an  additional  immu- 
nologically  dynamic  process,  ready  to  express  the  quality.  From  the  above-mentioned  evi¬ 
dence,  it  can  be  presumed  that  ethosomes  are  the  potential  candidate  for  transdermal 
delivery  of  DNA  molecules  to  articulate  genes  in  skin  cells.  Touitou  et  al.  typified  the 
deliberate  introduction  of  GFP-CMV  unit  into  ethosomes  and  what's  more,  examined  its 
impact  on  the  hairless  mice  skin.  The  entrance  of  the  green  fluorescent  protein  (GFP)  was 
observed  utilizing  CLSM  method,  and  it  demonstrated  proficient  delivery  and  articulation 
of  quality  in  skin  cells.  Ethosomes  might  be  utilized  as  potential  transporters  for  quality 
treatment  purposes  that  necessitate  momentary  articulation  of  genes.  These  outcomes  like¬ 
wise  demonstrated  the  likelihood  of  utilizing  ethosomes  for  powerful  transdermal  inocula¬ 
tion  (Touitou  et  al.,  2001). 


15.6.9.1.5  ANTIVIRAL  DRUGS  DELIVERY 

Zidovudine  is  a  strong  antiviral  drug,  utilized  for  immunodeficiency  infection.  Jain 
et  al.  contrasted  the  improved  ethosomal  plan  and  hydroethanolic  formulation,  ethanolic 
solution  and  reasoned  that  ethosomes  might  expand  the  transdermal  motion,  draw  out  the 
discharge,  and  furnish  an  appealing  course  for  maintained  delivery  of  zidovudine.  Better 
cell  uptake  of  hostile-to-HIV  medications  zidovudine  and  lamivudine  in  MT-2  cell  line 
from  ethosomes,  when  contrasted  with  the  commercial  formulations,  proposed  ethosomes 
to  be  an  appealing  clinical  option  for  anti-HIV  treatment  (Jain  et  al.,  2004).  Jain  et  al. 
revised  a  similar  report  utilizing  lamivudine,  an  anti-HIV  drug,  which  additionally  indi¬ 
cated  higher  medication  aggregation  in  MT-2  cell  lines  as  contrasted  with  pure  drug  solu¬ 
tion  (Jain  et  al.,  2007). 
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15.6.9.2  Transfersomes 

Another  class  of  liposomes  called  transfersomes  was  first  depicted  by  Cevc  and  has 
been  the  subject  of  various  patents  and  research  reports  since  the  1990s.  These  have  a  place 
with  the  classification  that  is  differently  named  as  deformable,  profoundly  deformable, 
versatile  or  ultra-adaptable  liposomes  or  vesicles  (Ghanbarzadeh  and  Arami,  2013). 

Despite  the  fact  that  it  is,  by  and  large,  acknowledged  that  the  penetration  of  ordinary 
liposomes  is  constrained  to  the  external  layers  of  the  SC,  in  this  way  giving  a  drug  or  cor¬ 
rective  restricting  impact  inside  the  skin,  transfersomes  are  certified  to  permeate  as  in 
place  vesicles  via  skin  layers  to  the  introductory  course.  Transfersomes  or  deformable  vesi¬ 
cles  are  accounted  for  to  enhance  in  vitro  skin  delivery  of  a  range  of  therapeutic  agents 
and  in  vivo  infiltration  to  accomplish  therapeutic  amounts  that  are  in  contrast  with  subcu¬ 
taneous  injection. 

Similarly,  as  with  liposomes,  transfersomes  are  made  out  of  phospholipids,  for  example, 
phosphatidylcholine,  and  additionally  contain  surfactants,  for  example,  sodium  cholate, 
deoxycholate,  Span-80,  Tween-80,  and  dipotassium  glycyrrhizinate  (Fig.  15.16). 

The  surfactant  goes  about  as  an  edge  activator  that  destabilizes  the  lipid  bilayers  and 
expands  the  controllability  of  the  vesicle.  The  definition  may  likewise  contain  some  etha¬ 
nol  (normally  <10%)  and  an  aggregate  lipid  centralization  of  <10%  in  the  last  aqueous 
lipid  suspension  (Jain  and  Kumar,  2017). 

Liposomes  are  commonly  100—400  nm  in  dimension  and  have  a  robust  structure.  These 
are  too  substantial  to  fit  inside  the  intercellular  lipid  areas  of  the  SC,  and  what's  more,  to 
penetrate  to  the  more  profound  layers  of  the  epidermis  (Monteiro  et  al.,  2014).  Due  to  the 
adaptability  presented  on  the  vesicles  by  the  surfactant  atoms,  transfersomes  are  asserted 
to  have  the  capacity  to  crush  through  channels  one-tenth  of  their  width,  enabling  them  to 
precipitously  infiltrate  the  SC  (Solanki  et  al.,  2016). 

Cevc  et  al.  have  recommended  that  the  main  thrust  for  infiltration  into  the  skin  is  the 
osmotic  angle  that  is  sourced  by  the  distinction  in  water  among  the  generally  dried  out 

Edge  activators/surfactants 


Exterior  surface/phospholtpids 
FIGURE  15.16  Structure  of  transferosomes. 
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skin  surface  (~  20%  water)  and  the  reasonable  fluid  epidermis.  A  lipid  suspension  con¬ 
nected  to  the  skin  is  liable  to  vanish  and,  to  maintain  a  strategic  distance  from  lack  of 
hydration,  transfersomes  must  enter  into  further  tissues.  Traditional  liposomes  stay  close 
to  the  skin  surface,  get  dried  out,  and  meld  with  the  skin  lipids,  while  deformable  transfer¬ 
somes  crush  through  the  SC  lipid  lamellar  areas  entering  further  to  take  after  the  osmotic 
slope.  Therefore,  transfersomes  ought  not  to  be  connected  under  impediment  as  this 
would  diminish  the  osmotic  impact  (Cevc  et  al.,  1993). 


15.6.9.2.1  TRANSFERSOMES  IN  THE  DELIVERY  OF  SMALL  MOLECULES 

Transfersomes  have  been  utilized  effectively  as  transporters  for  a  variety  of  drugs, 
including  steroids,  NSAIDs,  and  neighborhood  soporifics.  A  large  portion  of  the  early 
work  by  Cevc  associated  with  in  vivo  application  to  mice,  rats,  and  humans  (Yokota  and 
Tokudome,  2017).  Transfenac  (Idea  AG),  a  topical  diclofenac  formulation  given  the  trans- 
fersome  approach,  has  been  used  to  give  restoratively  significant  medication  focuses  on 
target  tissues  following  administration. 

In  contrast  with  a  hydrogel  formulation  containing  a  higher  diclofenac  dosage,  the  nor¬ 
mal  intramuscular  focus  was  three  times  higher  than  the  transfersome  formulation  (a 
transfersome  measurement  of  0.25—2.00  mg/kg  of  rodent  body  weight  accomplished  tis¬ 
sue  focuses  in  the  vicinity  of  0.5  and  2.0  pg/ g;  though  a  hydrogel  formulation  measure¬ 
ment  of  1.25—10.00  mg/kg  body  weight  accomplished  a  tissue  level  of  <  0.5  pg/g  muscle) 
(Puglia  et  al.,  2013). 

The  potential  of  transfersomes  and  deformable  vesicles  has  additionally  been  assessed 
by  other  research  groups.  For  instance,  Jain  et  al.  have  revealed  that  the  in  vitro  perme¬ 
ation  of  dexamethasone  as  transfersomes,  crosswise  over  rat  skin,  was  almost  instant  with 
no  lag  phase,  as  opposed  to  ordinary  liposome  and  ointment  formulations,  which  both  dis¬ 
played  a  lag  phase.  The  in  vivo  activity  was  also  assessed  utilizing  a  carrageenan-induced 
rat  paw  edema  model  and  the  results  displayed  that  a  decrease  in  edema  was  essentially 
more  prominent  with  the  transfersomal  formulation  as  compared  with  liposomes  and  oint¬ 
ment  (Jain  et  al.,  2003) 

Recently,  the  development  of  a  transferosomal  gel  for  improved  transdermal  perme¬ 
ation  of  risperidone  through  reverse  phase  evaporation  method  was  reported  by  Das  et  al. 
(Das  et  al.,  2017).  And  the  formulations  were  optimized  through  the  desirability 
approach-based  numerical  optimization  for  drug  entrapment  efficiency  (DEE)  and  ex  vivo 
risperidone  permeation  flux  (/ss).  To  obtain  the  desired  responses,  the  soy  lecithimcholes- 
terol  ratio  was  kept  between  0.5  and  12;  and  sodium  deoxycholate:Tween  80  ratio  between 
3.50  and  4.  The  desirable  ranges  of  responses  were  restricted  to  60% — 70%  for  DEE  and 
0.20-0.25  (j,g/cm2/h  for  Jss  (Fig.  15.17). 

The  average  vesicle  diameter  of  the  optimized  formulation  (F— O)  was  589.50  nm  while 
the  zeta  potential  was  recorded  as  —20.90  mV.  All  the  formulations  demonstrated  DEE 
between  20.48  ±  1.53  to  61.54  ±3.58  with  the  optimized  formulation  showing  the  highest 
DEE.  The  ex  vivo  skin  permeation  of  different  formulations  was  observed  through  Franz 
diffusion  cell  using  excised  porcine  skin  as  permeation  membrane,  which  showed  sus¬ 
tained  permeation  over  24  h  (Fig.  15.18)  and  the  /ss  for  the  optimized  formulation  was 
found  to  be  highest  among  all  the  formulations  (0.2387  ±  0.0245  pg/cm2/h). 
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•  Design  points  Overlay  plot  FIGURE  15.17  Overlay 

plot  between  the  ratio  of 
lipids  and  ratio  of  surfactants 
showing  the  optimal  process 
variables  region.  Source: 
Adapted  with  permission  from 
Das ,  B.,  Sen .,  S.O.,  Maji ,  R., 
Nayak,  A.K.,  Sen ,  K.K.,  2017. 
Transferosomal  gel  for  transder- 
mal  delivery  of  risperidone: 
Formulation  optimization  and 
ex  vivo  permeation.  J.  Drug 
Deliv.  Sci.  Technol,  38,  59—71. 
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Ratio  of  lipids 

(Soya  lecithin  to  cholesterol  ratio) 

A  comparison  of  ex  vivo  permeation  of  the  optimized  formulation  in  normal  and  ionto- 
phoretic  conditions  (F— OI,  Fig.  15.19)  showed  an  increase  in  the  /ss  through  iontophoresis 
(0.2753  +  0.0263  pg/cm2/h).  The  optimization  process  revealed  that  the  Jss  of  the  formula¬ 
tions  was  found  to  increase  with  a  decrease  in  soy  lecithin: cholesterol  ratio  and  increase  in 
sodium  deoxycholate:Tween  80. 

15.6.9.2.2  TRANSFERSOMES  IN  TRANSDERMAL  DELIVERY  OF  PROTEINS  AND  PEPTIDES 

Cevc  et  al.  reported  that  transfersomes  could  deliver  insulin  to  the  systemic  circulation 
in  therapeutic  amounts  comparable  to  subcutaneous  infusion.  Insulin  delivery  from  trans¬ 
fersomes  containing  phosphatidylcholine  and  sodium  cholate  was  compared  with  conven¬ 
tional  liposomes  and  it  was  observed  that  transfersomes  were  able  to  deliver  the 
therapeutic  amount  of  drug  to  the  body. 

However,  Cevc  et  al.  accounted  that  radiolabeled  insulin  delivered  using  transfersomes 
saturated  the  skin  to  decrease  blood  glucose  levels  in  mice.  There  was  a  30-min  lag  con¬ 
cerning  a  subcutaneous  infusion  of  a  similar  plan,  yet  general  adequacy  of  delivery  was 
practically  identical.  Traditional  liposomes  and  blended  micelles  did  not  deliver  insulin, 
exhibiting  that  the  infiltration  accomplished  by  transfersomes  was  not  because  of  the  seg¬ 
ments  of  the  detailing  (Cevc  et  al.,  1997). 

The  capability  of  transfersomes  for  nonintrusive  vaccine  delivery  has  been  examined.  In 
this  investigation,  correlation  of  the  serum  IgG  counteracting  agent  titer  created  in 
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FIGURE  15.18  Cumulative  ex  vivo  permeation  of  risperidone  permeated  through  the  porcine  skin  from 
different  risperidone  transpersonal  formulations  (Mean  ±  SD,  n  =  3).  Source:  Adapted  with  permission  from  Das ,  B., 
Ben,  S.O.,  Maji,  R.,  Nayak,  A.K.,  Sen,  K.K.,  2017.  Trans ferosomal  gel  for  transdermal  delivery  of  risperidone:  Formulation 
optimization  and  ex  vivo  permeation.  J.  Drug  Deliv.  Sci.  Technol.,  38,  59—71. 


FIGURE  15.19  Cumulative  ex  vivo  permeation  of  risperidone  from  the  optimized  formulation  (F— O)  under 
normal  condition  and  iontophoretic  condition  (F— OI)  under  the  current  supply  of  0.5  mA/cm2  (Mean  ±  SD,  n  =  3). 
Source:  Adapted  with  permission  from  Das,  B.,  Sen,  S.O.,  Maji,  R.,  Nayak,  A.K.,  Sen,  K.K.,  2017.  Transferosomal  gel  for  trans¬ 
dermal  delivery  of  risperidone:  Formulation  optimization  and  ex  vivo  permeation.  J.  Drug  Deliv.  Sci.  Technol,  38,  59—71 
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response  to  the  application  of  tetanus  toxoid  in  transfersomes,  niosomes,  and  conventional 
liposomes  to  the  hairless  skin  of  rats,  along  with  an  alum-consumed  tetanus  toxoid  given 
intramuscularly  was  made.  It  was  accounted  for  that  two  uses  of  tetanus  toxoid  in  trans¬ 
fersomes  with  an  interval  of  28  days  could  evoke  a  safe  reaction  that  was  identical  to  that 
delivered  by  intramuscular  infusion  of  alum-assimilated  tetanus  toxoid. 

In  an  investigation,  niosome  and  regular  liposomes  evoked  weaker  safe  reactions. 
Moreover,  in  vitro  skin  permeation  of  tetanoid  toxoid  was  measured  crosswise  on  shaved 
rat  skin  over  a  48-h  period.  The  total  saturation  of  tetanus  toxoid  was  ~16.4%,  12.5%  and 
10.7%  of  the  connected  measurements  for  the  transfersome,  niosome,  and  liposome  details, 
individually. 


15.6.9.3  Aquasomes 

Organization  of  bioactive  particles  in  their  dynamic  state  has  been  a  challenge  for  the 
pharmaceutical  and  biotechnological  enterprises.  Medication-related  difficulties,  for  exam¬ 
ple,  reasonable  course  and  site  of  therapeutic  drug  delivery,  compound  and  physical 
flimsiness,  poor  bioavailability,  and  conceivably  genuine  reactions  of  these  bioengineered 
particles  (peptide,  protein,  hormones,  antigens,  and  qualities)  are  some  potential  restric¬ 
tions  for  effective  detailing  of  these  biomolecules  (Banerjee  and  Sen,  2017).  The  blend  of 
biotechnology  and  nanotechnology  (i.e.,  nanobiotechnology)  has  proposed  another 
approach,  aquasomes,  as  an  answer  for  their  detailing  issue. 

Aquasomes  are  like  "water  bodies"  and  can  be  defined  as  trilayered  self-gathered 
nanostructures  containing  a  strong  stage  nanocrystalline  center,  which  is  covered  with 
an  oligomeric  film  (made  up  of  sugar)  on  which  biochemically  dynamic  substances  are 
assimilated  with  or  without  change.  Aquasomes  are  otherwise  called  artistic  nanoparti¬ 
cles  (Jain  et  al.,  2014).  The  strong  center  gives  the  basic  solidness,  in  the  meantime  as  the 
results  of  sugar  covering  against  drying  out,  and  balances  out  the  biochemically  dynamic 
atoms,  etc. 

The  nanocrystalline  center  contains  polymers,  for  example,  egg  whites,  gelatin,  or  acry¬ 
late  or  Ceramic,  for  example,  precious  stone  particles,  brushite  (calcium  phosphate),  and 
tin  oxide  (Verma,  2017).  Covering  materials  usually  utilized  are  sucrose,  cellobiose,  treha¬ 
lose,  pyridoxal  5  phosphate,  chitosan,  citrate,  et  cetera.  Aquasomes  are  generally  used  for 
the  conveyance  of  insulin,  hemoglobin,  and  chemicals  like  serratiopeptidase  (Nafisi  and 
Maibach,  2017). 


15.6.9.3.1  POTENTIAL  BENEFITS  OF  AQUASOMES  IN  TRANSDERMAL  DRUG  DELIVERY 

Aquasomes  preserve  the  conformational  integrity  and  biochemical  reliability  of  bioac¬ 
tive  molecules.  Because  of  their  size  and  structural  strength,  aquasomes  evade  reticulo 
endothelial  leeway  or  corruption  by  other  ecological  challenges.  Aquasomes  show  physical 
properties  of  colloids  (Singh  et  al.,  2015).  Since  aquasomal  suspension  contains  colloidal 
range  biodegradable  nanoparticles,  they  are  more  concentrated  in  liver  and  muscles.  Since 
the  drug  is  assimilated  onto  the  surface  of  the  system  without  additional  surface  change, 
receptor  acknowledgment  on  the  dynamic  site  may  be  easier  so  that  the  pharmacological 
or  organic  action  can  be  accomplished  instantly  (Mesariya,  2016). 
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15.6.9A  Dendrimers 

Dendrimers  belong  to  synthetic  polymers  division  having  well-marked  structure,  nano¬ 
scale  measure,  superb  monodispersity,  solvency,  and  a  high  potential  of  surface  manipula¬ 
tion.  They  are  combined  in  an  insightful  stage  way  around  a  focal  center.  Each  total  union 
response  drives  an  extra  age  of  expanding,  and  the  quantity  of  rehashed  cycles  is  charac¬ 
terized  as  dendrimer  age  (signified  as  G)  (Abbasi  et  al.,  2014). 

Its  versatile  physicochemical  properties  allow  improved  dendrimer  drug  conjugation 
and  lead  to  better  biodistribution  and  pharmacokinetic  profile  (Mignani  et  al.,  2013).  It  is 
accounted  for  that  dendrimers  cause  insignificant  skin  irritation  and  enhance  the  skin 
statement  and  saturation  of  a  rundown  of  medications  including  indomethacin,  ketoprofen 
also,  diflunisal,  diclofenac  sodium,  5-fluorouracil,  8-methoxypsoralene,  tamsulosin,  ribofla¬ 
vin,  and  dithranol.  The  medications  in  these  investigations  are  formulated  into  dendrimers 
by  noncovalent  bonding,  for  example,  hydrophobic  epitome  and  ionic  exchange  (Yang 
et  al.,  2015). 

15.6.9.4.1  DENDRIMERS  IN  TRANSDERMAL  DRUG  DELIVERY 

Poly  (amidoamine)  (PAMAM)  dendrimers  enhance  the  availability  of  indomethacin  at 
the  site  of  action  through  the  transdermal  delivery  application.  Wang  et  al.  proposed  the 
usage  of  polyhydroxyalkanoate  and  G  3  PAMAM  dendrimers  as  transdermal  drug  deliv¬ 
ery  system  (TDDS)  (Wang  et  al.,  2003).  Cheng  et  al.  investigated  TDDS  for  antiinflamma¬ 
tory  drugs  and  inferred  that  the  bioavailability  of  antiinflammatory  drugs  was  expanded; 
therefore  dendrimers  might  be  expected  to  the  enhance  skin  penetration  of  such  drugs 
(Yiyun  et  al.,  2007). 

Dendrimers  can  go  about  as  transporters,  called  vectors,  in  quality  treatment.  Vectors 
exchange  qualities  through  the  cell  film  into  the  core  (Das  Kurmi  et  al.,  2017).  PAMAM 
dendrimers  have  been  tried  as  vectors.  Dendrimers  are  extremely  effective  when  observed 
for  the  delivery  of  DNA  and  natural  drugs,  particularly  for  treatment  of  malignant  dis¬ 
eases.  PAMAM  and  PPI  dendrimers  have  been  considered  as  vectors  for  effective  delivery 
and  improving  the  transfection  effectiveness  of  DNA  (Kesharwani  et  al.,  2017). 

15.6.9.5  Nanoemulsions 

Nanoemulsions  (NEs)  offer  significant  opportunities  for  targeted  drug  delivery  to  and 
using  the  skin.  NEs  are  a  topical  skin  delivery  system  with  steady  colloidal  frameworks 
consisting  of  lipids  and  aqueous  core,  balanced  out  by  a  blend  of  surfactants  and  cosurfac¬ 
tants  (Khurana  et  al.,  2013).  They  offer  ideal  bioavailability  and  negligible  skin  irritancy. 
This  incorporates  the  consolidation  of  built-up  substances,  which  maximizes  the  chances 
of  entry  into  the  SC  to  fluidize  it,  accordingly  diminishing  the  essential  skin  hindrance 
and  expanding  saturation  (Goniillii  et  al.,  2015). 

15.6.9.5.1  APPLICATIONS  IN  TRANSDERMAL  DRUG  DELIVERY 

Nanoemulsifying  systems  have  been  produced  to  deliver  a  variety  of  drugs  to  the  skin 
for  dermatological,  restorative /cosmeceutical,  and  transdermal  results.  Improved  skin 
delivery  has  been  exhibited  in  contrast  with  ordinary  emulsions  and  gels.  This  has  been 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


632  15.  CUTANEOUS  AND  TRANSDERMAL  DRUG  DELIVERY:  TECHNIQUES  AND  DELIVERY  SYSTEMS 

credited  both  to  their  activity  on  different  segments  of  the  skin  and  their  stage  structure 
and  molecule  estimate  (Rai  et  al.,  2017). 

Somagoni  et  al.  have  attempted  to  improve  the  topical  efficacy  of  aceclofenac  and  capsa¬ 
icin  by  entrapping  both  the  drugs  in  NEs  with  the  size  of  230  nm.  The  most  suited  mean 
droplet  size  range  for  topical  delivery  can  be  150— 350  nm  if  the  NE  is  emulsified  using  a 
surfactant.  However,  the  authors  have  recommended  the  maximum  size  of  NE  droplets, 
that  is,  1000  nm  when  topical  delivery  is  intended  (Somagoni  et  al.,  2014).  Droplet  size  of 
the  NE  below  60  nm  is  most  favored  for  transdermal  delivery.  Penetration  of  NE  of  size 
more  than  60  nm  may  rely  on  surface  characteristics  of  the  droplets  and  skin  [94],  lipophi- 
licity  and  hydrophilicity  of  the  prepared  emulsion,  nature  (lipidic  or  emulsifier  based)  of 
emulsion  interface,  etc.  Droplets  of  size  more  than  150  nm  are  least  likely  to  cross  the 
physical  barrier  of  the  skin  and  most  of  the  drugs  are  distributed  locally  in  the  skin  unless 
the  negative  surface  charge  is  developed  over  the  droplets  and  lipophilicity  of  the  system 
is  increased  considerably.  In  this  context,  highly  lipophilic  lipid  NE  (mineral  oil;  12%,  w/ 
v,  and  Myverol;  0.3%)  of  290  nm  droplet  size  was  developed  for  transdermal  delivery  of 
apomorphine  and  its  prodrug. 

Lademann  has  proposed  that  pig  ear  skin  is  prevalent  for  in  vitro  demonstration 
because  it  does  not  contract  and  close  its  follicle  openings,  as  extracted  human  skin  does. 
Animal  models,  for  example,  rat,  mice,  and  rabbit  have  a  lower  skin  thickness  than 
humans,  and  their  utilization  tends  toward  overestimation  of  skin  saturation  in  humans. 

Furthermore,  exploratory  parameters,  for  example,  the  fitting  decision  of  receptor 
arrangements  that  don't  harm  skin  layers,  while  giving  adequate  receptor  stage  solvency 
to  accomplish  sink  conditions  and  appropriate  hydrodynamics  to  restrain  the  development 
of  fluid  dispersion  layers  should  be  investigated,  alongside  approved  logical  strategies 
and  application  conventions.  At  times  great  extents  of  alcohols  or  other  infiltration  enhan¬ 
cers,  for  example,  DMSO,  have  been  utilized  to  give  sink  conditions  in  the  receptor  stage, 
with  the  possibility  to  trade  off  the  skin  obstruction  and  prompt  overestimation  of  medica¬ 
tion  movement  (Lademann  et  al.,  2010). 

Because  of  the  presence  of  sebum  in  follicles  of  hair,  there  is  an  increased  probability  of 
oil /surfactant  and  ethanol  based  formulation  systems,  for  example,  NEs  to  accelerate 
transport  of  hydrophilic  and  lipophilic  mixtures  through  follicles.  Bhatia  et  al.  demon¬ 
strated  that  NE  not  just  expanded  the  saturation  of  adapalene  in  the  SC,  but  also  showed 
ideal  infiltration  into  the  hair  follicles.  The  pervasion  of  adapalene  in  the  SC  expanded 
from  1.40  to  3.37  pg  and  infiltration  in  the  hair  follicles  expanded  essentially  from  0.017  to 
0.292  pg  in  NE  treated  skin  contrasted  with  the  control.  This  speaks  to  a  17-fold  increment 
in  infiltration  in  the  hair  follicles  contrasted  with  the  control  (Bhatia  et  al.,  2013). 

Teichmann  et  al.  looked  at  the  skin  infiltration  of  the  lipophilic  color  curcumin  fused  in 
an  o/w  NE  and  a  coarse  emulsion /cream  connected  to  human  volunteers.  Utilizing  the 
strategy  for  tape  stripping  to  expel  the  SC,  the  profundity  profiles  of  the  color  inside  the 
horny  layer  were  looked  at.  The  profundity  of  the  entrance,  decided  both  by  tape  stripping 
and  laser  examining  microscopy,  was  more  noteworthy  with  the  NE  than  the  cream. 

Likewise,  when  connected  in  the  NE,  curcumin  infiltrated  into  the  total  follicular  infun¬ 
dibula,  while  with  the  cream  a  fluorescence  flag  was  just  obtained  from  the  follicular 
openings.  While  some  hair  follicles  are  open,  others  are  stopped  up  with  shed  corneocytes 
and  dry  sebum,  which  can  especially  confine  the  saturation  of  hydrophilic  mixes.  Hair 
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follicles  can  be  opened  by  a  mechanical  peeling  method  preceding  the  organization  of  a 
topical  definition.  We  examined  the  follicular  conveyance  of  the  hydrophilic  compound 
caffeine  from  NE  made  out  of  infiltration  enhancer  chemicals  (unpublished  information). 
The  authors  found  that  when  we  open  the  hair  follicles,  the  expansion  of  caffeine  perva¬ 
sion  in  respect  to  control  (watery  arrangement)  was  more  noteworthy  for  oleic  corrosive 
and  eucalyptol  NE.  The  total  sum  and  motion  of  caffeine  expanded  by  27-  and  23-fold 
with  oleic  corrosive  NE  concerning  control.  Eucalyptol  NE  expanded  the  aggregate  mea¬ 
sure  of  caffeine  infiltrated  by  43-fold  and  motion  by  31 -fold  contrasted  with  control 
(Teichmann  et  al.,  2007). 

15.6.9.6  Polymeric  Nanoparticles 

When  it  comes  to  polymer-based  science  by  making  nanoparticles  liposomes,  dendri- 
mers,  solid  lipid  nanoparticles,  and  carbon  nanotubes  are  among  those  that  have  been 
explored  widely.  The  recent  development  of  nanoparticles  leads  to  potential  applications 
in  transdermal  drug  delivery  (Tekade  et  al.,  2017a,c).  These  particles  shelter  the  encapsu¬ 
lated  substances  from  physical  and  chemical  degradation  and  permit  their  controlled 
release.  Owing  to  their  distinctive  properties  like  excellent  flow  properties  and  transparent 
nature  they  are  particularly  significant  in  skin  related  conditions.  Nanoparticles  may  be 
designed  from  polymers  either  from  natural  or  synthetic  sources  (Pathak  and  Thassu, 
2016).  Natural  polymers  are  chiefly  proteins  or  polysaccharides,  which  are  not  preferred  in 
skin  delivery  due  to  deviation  in  purity  and  necessity  of  a  connecting  agent  that  may 
denature  the  embedded  drug  (Tekade  et  al.,  2017b).  Synthetic  polymers  have  been 
received  considerable  attention. 

Mainly  employed  synthetic  polymers  are  polyesters  like  polylactic  acid,  polyglycolic 
acid,  and  copolymers  like  PLGA  (Mogo§anu  et  al.,  2016).  These  polymeric  nanoparticles 
can  be  obtained  by  various  techniques  based  on  their  physicochemical  characteristics. 
Commonly  employed  method  for  the  preparation  of  nanoparticles  includes  polymeriza¬ 
tion,  solvent  evaporation,  gelation,  emulsification,  and  nanoprecipitation. 

The  drug  can  be  loaded  either  into  the  core,  dispersed  throughout  the  matrix  or 
adsorbed  on  the  facade  of  nanoparticles  (Patterson  et  al.,  2014).  Although  polymeric  nano¬ 
particles  are  less  studied  than  lipidic  nanoparticles.  Investigations  are  going  on  for  the 
development  of  stable  and  effective  nanoparticles  along  with  the  pathways  for  skin 
delivery.  Polymeric  nanoparticles  have  been  reported  for  the  delivery  of  anticancer  agents, 
vaccines,  and  sunscreen  agents  like  5-fluorouracil,  minoxidil,  dexamethasone,  DNA,  etc. 
(Zhang  et  al.,  2013).  Polymeric  nanoparticles  have  been  explored  for  many  other  purposes 
also  including  cardiovascular  abnormalities  (Kumar  Tekade  et  al.,  2015;  Maheshwari  et  al., 
2015;  Sharma  et  al.,  2015). 

Abdel-hafez  et  al.  prepared  curcumin-loaded  chitosan  nanoparticles  and  tracked  their 
transdermal  penetration  pathways  through  CLSM.  The  optimization  of  nanoparticles 
was  done  through  D-optimal  response  surface  methodology,  and  the  particle  sizes  of  the 
polymeric  nanoparticles  were  in  the  range  of  33.85—199.23  nm  with  low  PDI  values  of 
0.129—0.536.  To  elucidate  the  skin  penetration  pathway  of  the  chitosan  nanoparticles, 
two  fluorescent  formulations  were  prepared;  one  containing  the  FITC-labeled  chitosan 
crosslinked  with  TPP  and  no  curcumin  and  the  second  with  unlabeled  chitosan  contain¬ 
ing  curcumin.  Confocal  images  (Fig.  15.20A)  of  the  surface  of  full-thickness  mice  skin 
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FIGURE  15.20  CLSM  images  of 
mice  skin  following  application  of 
the  FITC-labeled  chitosan  nanopar¬ 
ticles.  (A)  Surface  xy  images  of  the 
stratum  corneum  (red  arrows:  hair 
follicles,  yellow  arrows:  hair  shafts 
and  blue  arrows:  corneocytes  bor¬ 
ders).  (B)  Z-stack  images  of  the  skin 
sectioned  from  the  skin  surface  with 
1-pm  increments.  (C)  Z-stack  images 
of  the  skin  scanning  from  the  skin 
surface  (0  pm  depth)  to  deeper  skin 
layers  (89  pm  depth).  Source:  Adapted 
with  permission  from  Abdel-Hafez ,  S.M., 
Hathout ,  R.M.  &  Sammour ,  O.A.  2017. 
Tracking  the  transdermal  penetration 
pathways  of  optimized  curcumin-loaded 
chitosan  nanoparticles  via  confocal  laser 
scanning  microscopy.  Int.  J.  Biol. 
Macromol.,  90:15—23. 
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demonstrate  the  maximum  fluorescence  intensity  of  FITC  at  the  hair  follicles  (red 
arrows),  which  was  followed  by  the  hair  shafts  (yellow  arrows),  and  the  polygonal 
borders  of  the  corneocytes  surrounding  the  hair  follicles  (blue  arrows)  implying  the 
localization  of  FITC  in  the  hair  follicles  together  with  the  hair  follicles  infundibulum 

(Abdel-Hafez  et  al.,  2017). 

Thus,  the  follicular  route  can  be  considered  to  have  a  principal  contribution  in  the  trans- 
dermal  penetration  of  nanoparticles.  Apparently,  from  Fig.  15.20B  (z-stack  confocal  images 
obtained  from  the  surface  of  the  skin  to  a  19  pm  depth),  the  high  permeability  of  chitosan 
nanoparticles  can  be  perceived  through  the  whole  depth  of  the  stratum  corneum,  (10  pm 
in  mice),  the  key  hurdle  in  transdermal  delivery.  Indeed,  the  deeper  layers  of  the  skin 
sample  were  also  found  to  be  stained  with  FITC  (z-stack  images.  Fig.  15.20C),  suggesting 
the  deeper  penetration  of  chitosan  nanoparticles. 

As  expected  with  curcumin-loaded  nanoparticles,  hair  follicles  had  the  highest  fluores¬ 
cence  intensity  (Fig.  15.21A)  (red  arrows). 

Moreover,  compared  with  FITC,  curcumin  fluorescence  was  more  diffuse  throughout 
the  intercellular  lipid  matrix  of  the  interfollicular  corneocytes  covering  the  whole  skin  sur¬ 
face  (blue  arrows),  complying  with  the  previous  finding  that  hair  follicles  act  as  a  reservoir 
of  the  topically  applied  polymeric  nanoparticles  from  which  the  release  of  the  loaded  drug 
can  occur.  Further,  the  dense  network  of  blood  capillaries  surrounding  the  hair  follicles 
may  help  in  the  delivery  of  the  molecules  penetrating  through  the  follicles  to  the 
surrounding  tissues  directly,  bypassing  the  stratum  corneum.  Fig.  15.21B  and  C  shows  the 
z-stack  images  from  the  skin  surface  19  pm  and  even  deeper  skin  layers  respectively, 
where  the  curcumin  fluorescence  was  diffused  through  the  whole  confocal  planes  of  the 
skin.  Therefore,  chitosan  nanoparticles  can  be  opined  to  efficiently  deliver  curcumin 
through  the  stratum  corneum. 

15.6.9.7  Solid  Lipid  Nanoparticles 

Lipid  nanoparticles  are  the  type  of  novel  drug  delivery  systems  studied  for  dermatolog¬ 
ical  and  cosmetic  applications  because  of  their  outstanding  characteristics  like  a  controlled 
release,  and  better  stability.  Basically,  they  are  of  two  types:  solid  lipid  nanoparticles 
(SLNs)  and  nanolipid  carriers  (NLCs).  SLNs  have  been  investigated  as  a  substitute  to 
emulsion,  liposomes,  and  polymeric  nanoparticles.  SLNs  consist  of  solid  lipid,  water,  and 
emulsifying  agent  (Wake  and  Kshirsagar,  2017b). 

Basically  solid  lipids  are  dispersed  in  the  aqueous  phase,  which  is  further  stabilized 
by  an  emulsifier.  This  nanocarrier  has  the  potential  to  manipulate  the  release  behavior 
of  drug  substances  and  also  improve  the  skin  hydration  in  comparison  to  emulsion  and 
liposomes  (Gomes  et  al.,  2014).  Lipid  nanoparticles  can  be  made  by  hot  homogenization, 
cold  homogenization,  emulsification,  and  solvent  evaporation  techniques.  SLNs  have 
been  studied  as  a  novel  carrier  for  improved  skin  delivery  of  the  following  substances: 
sunscreens,  vitamin  A  &  E,  glucocorticoids,  etc.  (Lauterbach  and  Miiller-Goymann, 
2015). 

It  is  believed  that  enhanced  skin  permeation  of  SLNs  may  be  attributed  to  enhanced 
hydration  of  skin  observed  by  the  occlusive  film.  In  spite  of  its  numerous  merits,  SLN  has 
certain  demerits  like  less  drug  loading  capacity  and  drug  discharge  from  the  system  upon 
storage.  To  overcome  these  issues  modified  lipid  nanoparticles  (NLCs)  have  been 
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FIGURE  15.21  CLSM  images  of  the  mice  skin  following  the  application  of  curcumin-loaded  chitosan 
nanoparticles.  (A)  Surface  xy  images  of  the  stratum  corneum  (red  arrows:  hair  follicles  and  blue  arrows:  corneo- 
cytes  borders).  (B)  Z-stack  images  of  the  skin  sectioned  from  the  skin  surface  with  1  |xm  increments.  (C)  Z-stack 
images  of  the  skin  scanning  from  the  skin  surface  (0  pm  depth)  to  deeper  skin  layers  (96  pm  depth).  Source: 
Adapted  with  permission  from  Abdel-Hafez,  S.M.,  Hathout ,  R.M.  &  Sammour,  O.A.  2017.  Tracking  the  transdermal 
penetration  pathways  of  optimized  curcumin-loaded  chitosan  nanoparticles  via  confocal  laser  scanning  microscopy.  Int.  J. 
Biol.  Macromol.,  90:15-23. 
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developed.  They  offer  higher  payload  and  minimum  drug  exclusion  in  comparison  with 
SLNs.  Lipid  nanoparticles  have  been  successfully  employed  for  cosmetic  purposes  and 
dermatological  disorders  like  psoriasis,  acne,  eczema,  and  rheumatoid  arthritis  (Wake  and 

Kshirsagar,  2017a). 

Jeong  et  al.  had  studied  the  cytoprotective  effects  of  luteolin-loaded  solid  lipid  nano¬ 
particles  (SLNs)  against  ultraviolet  A  (UVA)  rays  and  hydrogen  peroxide  (H202)  in 
HaCaT  cells.  The  study  involved  development  and  comparison  of  SLNs  with  or  without 
single-,  double-,  or  triple-tailed  cationic  lipids  (cationic  solid  lipid  nanoparticles, 
CSLNs)  CSLN1— 3  respectively,  for  the  effective  transdermal  delivery  of  luteolin  and 
determination  of  cytoprotective  effect  through  flow  cytometry.  Fig.  15.22  shows  the 
flow  cytometric  analyses  of  all  the  formulations  with  FITC  as  the  fluorescent  material. 
Evidently,  CSLN3  exhibits  higher  fluorescent  intensity  compared  with  SLN  and  CSLN1 
or  2  although  CSLN1  and  2  did  not  show  any  statistical  difference  in  uptake  (Jeong 
et  al.,  2006). 

This  obvious  difference  in  cellular  uptake  may  be  attributed  to  increased  zeta  poten¬ 
tial  with  increasing  cationic  tails  (—31.80  mV  for  SLN,  27.2  mV  for  CSLN1,  30.51  mV  for 
CSLN2  and  35.31  mV  for  CSLN3),  which  can  result  in  increased  compelling  affinity 
toward  surfaces  of  the  cell.  The  cytoprotective  activity  results  against  both  UVA  and 
H202  were  found  in  the  order  CSLN3  >  CSLN2  >  CSLN1  >SLN  (save  negative  control) 
(Fig.  15.23).  Hence  the  research  presented  the  conclusion  that  CLSN  having  triple-tailed 
structure  may  increase  delivery  of  luteolin  transdermally  along  with  superior  entrap¬ 
ment  efficiency,  deliberated  release  kinetics,  and  most  importantly  without  any  prelimi¬ 
nary  burst. 

Ferreira  et  al.  employed  solid  lipid  nanoparticles  (SLNs)  for  topical  codelivery  of  metho¬ 
trexate  (MTX)  and  etanercept  (an  FDA  approved  monoclonal  antibody  against  TNF-a)  as  a 


FIGURE  15.22  Cellular  uptake  of  FITC-loaded  in  formulations  with  or  without  cationic  solid  lipid  nano¬ 
particles.  (A)  Negative  cell,  (B)  SLN,  (C)  CSLN1,  (D)  CSLN2,  (E)  CSLN3,  and  S.D.  are  shown  (n  =  3).  Source: 
Adapted  with  permission  from  Jeong ,  Y.M.,  Ha ,  J.H.,  Park,  S.N.,  2016.  Cytoprotective  effects  against  UVA  and  physical 
properties  of  luteolin-loaded  cationic  solid  lipid  nanoparticle.  J.  Ind.  Eng.  Chem.,  35:54—62. 
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FIGURE  15.23  Cytoprotective  effect  of  0.5  mM  luteolin-loaded  SLN  and  CSLN  in  HaCaT  cell  system.  (A)  On 
exposure  to  UVA.  (B)  On  exposure  to  4  mM  H2O2.  Source:  Adapted  with  permission  from  Jeong,  Y.M.,  Ha ,  J.H.,  Park :, 
S.N.,  2016.  Cytoprotective  effects  against  UVA  and  physical  properties  of  luteolin-loaded  cationic  solid  lipid  nanoparticle.  J. 
Ind.  Eng.  Chem.,  35:54-62. 


targeted  approach  for  management  of  psoriasis  and  the  study  revealed  that  permeation  of 
SLNs  containing  both  the  drugs  for  codelivery  was  higher  as  compared  with  free  MTX 
through  pig  ear  skin  using  Franz  diffusion  cells  (Fig.  15. 24 A).  The  percentages  of  MTX  per¬ 
meated  through  the  skin  as  free  SLNs  containing  protein-conjugated  and  non— protein- 
conjugated  SLNs  were  1.7%  ±0.1%,  3.1%  ±0.1%,  and  3.8%  ±  0.2%  respectively.  Further, 
the  influence  of  protein  conjugation  on  particle  size  and  polydispersity  index  (PDI)  did 
not  seem  to  be  substantial  (Fig.  15.24B). 
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Characterization  of  SLNs  used  for  co-delivery  of  MTX  and 
Etanercept  recovered  after  8  hours  skin  permeation 
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SLNs-Etanercept-MT> 
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FIGURE  15.24  (A)  Graph  showing  permeation  of  drug  over  8  h  (open  circles:  free  MTX;  black  squares: 

SLNs-etanercept-MTX;  open  squares:  SLN-MTX);  mean  ±  SD  (n  =  4),  **P  <  .01  and  ***P  <  0.  with  respect  to  free 
MTX.  (B)  Characterization  of  SLNs  collected  on  the  receptor  compartment  of  the  Franz  cell  diffusion  system  after 
8  h  by  DLS  assessment.  Source:  Adapted  with  permission  from  Ferreira ,  M.,  Barreiros,  L.r  Segundo ,  M.A.,  Torres ,  T., 
Selores,  M.,  Lima ,  S.A.C.,  et  at.,  2017.  Topical  co-delivery  of  methotrexate  and  etanercept  using  lipid  nanoparticles:  a  tar¬ 
geted  approach  for  psoriasis  management.  Colloids  Surfaces  B:  Biointerfaces ,  159 ,  23—29. 


These  encouraging  ex  vivo  results  prompted  the  group  to  investigate  the  potential  of 
MTX-loading  (Ferreira  et  al.,  2017)  in  lipid  nanoparticles  and  free  MTX  formulation  to  per¬ 
meate  the  human  biopsies  representing  healthy  and  psoriatic  skin.  Expectedly,  the  accu¬ 
mulation  of  MTX  incorporated  in  the  lipid  nanoparticles  was  higher  than  the  free  form 
(Fig.  15. 25 A)  and  the  results  indicated  a  significant  increase  in  dermal  bioavailability  for 
SLNs  dispersion  in  both  healthy  and  psoriatic  skin  (while  about  70%  of  the  applied  dose 
was  deposited  within  the  healthy  skin,  for  psoriatic  skin  the  deposition  was  85%.  For  eta¬ 
nercept  conjugated  SLNs,  retention  of  MTX  were  60%  and  75%  of  healthy  and  psoriatic 
skins).  This  increase  in  accumulation  can  be  ascribed  to  a  compromised  skin  barrier 
due  to  pathological  processes  in  psoriasis.  A  permeation  profile  identical  to  the  pig 
skin  was  observed  for  both  healthy  and  psoriatic  skins  (Fig.  15.25B  and  C).  Also, 
on  visual  examination  after  8  h  of  study,  while  the  MTX-loaded  SLNs,  and 
SLN-etanercept-MTX  formulations  exhibited  considerable  skin  absorption,  the  free 
MTX  formulation  was  still  visible  on  the  skin  surface  (Fig.  15.25D)  The  decrease  in 
drug  penetration  profile  on  protein  conjugation  to  SLNs  in  both  pig  and  human  skins 
may  be  attributed  to  the  structural  integrity  conferred  by  protein  coupling,  which  may 
act  as  a  double  barrier. 

15.6.9.8  Microfabricated  Microneedles 

Microneedle  is  comparatively  a  novel  technique  that  is  aimed  to  generate  a  physical 
conduit  through  the  upper  epidermis  to  improve  skin  penetrability.  These  are  made  up  of 
silicon  and  nearly  150  micrometers  long,  which  generates  a  path  through  the  skin  for  the 
deliverance  of  drugs  as  well  as  antigens  (Hong  et  al.,  2014).  These  needles  are  fundamen¬ 
tally  painless  because  they  do  not  influence  nerve  endings  as  they  pierce  through  the  SC. 
Needles  can  be  designed  with  required  shape  and  strength  to  introduce  through  the  skin 
with  enhanced  transdermal  delivery.  Different  researchers  have  reported  the  successful 
deliverance  of  drug  substances  through  the  skin  by  the  application  of  microneedles.  It  is 
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Healthy  human  skin  Psoriatic  human  skin 


FIGURE  15.25  (A)  Accumulation  of  MTX  in  free  form,  MTX-loaded  SLNs,  and  MTX-etanercept  loaded  SLNs 

following  permeation  for  8  h  in  healthy  and  psoriatic  human  skin  samples.  (B,  C)  The  quantity  of  MTX  is  perme¬ 
ating  healthy  and  psoriatic  human  skin  respectively  as  a  function  of  time  up  to  8  h;  mean  ±  SD,  **P  <  .01, 
***P<.001.  (D)  The  appearance  of  MTX  in  free  form,  MTX-loaded  SLNs,  and  MTX-etanercept  loaded  SLNs  in 
contact  with  healthy  and  psoriatic  human  skin  samples  in  the  beginning  (control)  and  after  8  h.  Source:  Adapted 
with  permission  from  Ferreira,  M.,  Barreiros,  L.,  Segundo,  M.A.,  Torres,  T.,  Selores,  M.,  Lima,  S.A.C.,  et  al,  2017.  Topical 
co-delivery  of  methotrexate  and  etanercept  using  lipid  nanoparticles:  a  targeted  approach  for  psoriasis  management.  Colloids 
Surfaces  B:  Biointerfaces,  159,  23—29. 


very  well  used  in  combination  with  other  techniques  for  better  transdermal  delivery 

(Demir  et  al.,  2013). 

Chen  et  al.  reported  the  formulation  of  coated  polymer  microneedles  (MNs)  for  trans¬ 
dermal  drug  delivery.  MNs  with  heights  of  550,  650,  and  750  pm  utilizing  the  coating  solu¬ 
tion  containing  0.5%  (w/w)  sulforhodamine  B  were  prepared,  which  showed  the  drug 
loadings  up  to  12,  14,  and  18  ng  per  needle  respectively.  Moreover,  the  effect  of  viscosity 
on  drug  loading  in  MNs  with  a  650-pm  (formulations  I  to  V)  height  exhibited  a  propor¬ 
tional  relationship.  An  in  vitro  transdermal  drug  delivery  experiment  was  performed  on 
porcine  cadaver  skin  to  evaluate  the  penetration  of  coated  polymer  MNs  (Fig.  15.26).  The 
bright-field  (Fig.  15.26A1)  and  fluorescence  (Fig.  15.26A2)  images  show  the  complete  pene¬ 
tration  potential  of  MNs  and  the  delivery  of  the  coated  drug  into  the  skin  after  removal  of 
the  patches.  Fig.  15.26B1  depicts  the  drug  formulation  covering  ~300  pm  height  between 
the  tip  and  the  base  of  a  650-pm  MN.  The  side  views  of  the  porcine  skin  in  Fig.  15.26B2 
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(Cl)  Before  insertion 
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After  insertion 
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FIGURE  15.26  (Al)  bright-field  image  of  the  porcine  skin  following  MN  injection.  (A2)  Fluorescence  image  of 
the  porcine  skin  following  MN  injection.  (Bl)  Structure  of  a  single  coated  MN.  B2.  Side  view  of  the  porcine  skin 
through  a  bright  field  microscope.  (B3)  Side  view  of  the  porcine  skin  through  fluorescence  imaging  C.  The  posi¬ 
tions  of  the  drug  in  MN  and  skin  before  the  insertion  (Cl),  During  insertion  (C2)  and  After  the  insertion  (C3). 
Source:  Adapted  with  permission  from  Chen ,  Y.,  Chen,  B.Z.,  Wang,  Q.L.,  Jin,  X.,  Guo,  X.D.,  2017.  Fabrication  of  coated 
polymer  microneedles  for  transdermal  drug  delivery.  J.  Control  Release,  265,  14—21. 


and  B3  show  the  skin  tissue  marks  —  300  pm  long,  corresponding  to  the  coating  of  drug 
formulation  onto  the  MN  tips  and  ~  70  pm  below  the  skin  surface,  which  is  considerably 
less  than  the  distance  of  drug  coating  from  the  base.  This  phenomenon  can  be  explained 
by  the  schematic  diagram  in  Fig.  15.26C1— C3.  Apparently,  due  to  the  elastic  property  of 
the  skin,  it  is  slightly  deformed,  and  the  entire  body  of  the  MN  may  not  be  completely 
embedded  and  thus  the  coated  drug  may  have  a  shorter  distance  from  the  skin  surface  as 
compared  with  the  MN  base. 

Fig.  15.27A  and  B  show  the  proportional  relationship  between  the  viscosity  of  the  coat¬ 
ing  formulation  and  the  amount  of  drug  adhered  to  the  MN  tip.  Porcine  cadaver  skin 
in  vitro  tests  were  utilized  in  skin  insertion  examination,  which  revealed  the  proficiency  of 
coated  MNs  with  various  coating  formulations.  Fig.  15.27C  and  D  shows  25  red  marks  on 
the  skin  surface  following  the  insertion  of  MNs  coated  with  coating  formulations  I  through 
V  implying  successful  penetration  of  MNs  into  the  skin.  Fig.  15.27E  showed  remaining 
drug  residues  on  MN  tips  when  they  were  withdrawn  from  the  skin  after  remaining 
embedded  for  2  min,  which  indicates  that  most  of  the  drug  was  delivered  to  the  subcuta¬ 
neous  tissue.  On  having  a  closer  look,  formulation  V  having  a  very  high  viscosity  of 
drug  solution,  seems  to  retain  most  of  the  drug  on  the  MN  tips  as  most  of  the  MNs  were 
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Formulation  I 


Formulation  n  Formulation  IQ  Formulation  IV  Formulation  V 


FIGURE  15.27  (A)  Side  views  of  the  drug-coated  MNs  fabricated  from  formulations  I  to  V.  (B)  Overview  of 

all  the  five  formulations.  (C)  Bright-field  images  of  the  porcine  skin  after  MN  insertion.  (D)  Fluorescence  images 
of  the  porcine  skin  after  the  MN  insertion.  (E)  Drug-coated  MNs  after  insertion  into  the  porcine  skin.  Source: 
Adapted  with  permission  from  Chen ,  Y.,  Chen ,  B.Z.,  Wang ,  Q.L.,  Jin,  X.,  Guo,  X.D.,  2017.  Fabrication  of  coated  polymer 
microneedles  for  transdermal  drug  delivery.  J.  Control  Release,  265, 14—21. 

bent  as  they  had  a  very  high  number  of  drugs  filled,  and  thus  the  tip  was  not  able  to  prick 
the  skin. 

Further,  MNs  with  650-pm  height  and  the  formulation  III  coating  solution  were  sub¬ 
jected  to  in  vivo  evaluation  of  safety  and  efficacy  evaluation  on  BALB/c  mice 
(Fig.  15.28A).  After  embedding  the  MNs  for  2  min  (Fig.  15.28B),  images  of  the  skin  at  the 
insertion  site  were  taken  using  microscopy  with  an  interval  of  10  min.  Fig.  15.28C  shows 
the  gradual  fading  of  red  marks  corresponding  to  the  absorption  of  sulforhodamine  after 
60  min.  Following  the  MN  application,  the  red  marks  almost  completely  fade  away 
indicating  the  complete  absorption  of  the  drug  into  the  subcutaneous  tissue.  Also,  there 
were  no  apparent  injuries  at  the  site  of  injection.  The  results  indicated  that  the  drug- 
coated  PL  A  MNs  might  provide  a  safe  and  highly  efficient  method  for  transdermal  drug 
delivery. 
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FIGURE  15.28  In  vivo 
activity  of  MNs.  (A) 
Anesthetized  mouse  for  the 
MN  insertion  tests.  (B)  Doral 
skin  of  the  mouse  after  inser¬ 
tion  of  MNs.  (C)  Dorsal  skin 
of  the  mouse  following  MN 
insertion  at  10  min.  Time  inter¬ 
vals.  Source:  Adapted  with  per¬ 
mission  from  Chen ,  Y.,  Chen,  B. 
Z.,  Wang ,  Q.L.,  Jin,  X.,  Guo,  X. 
D.,  2017.  Fabrication  of  coated 
polymer  microneedles  for  trans- 
dermal  drug  delivery.  J.  Control 
Release,  265, 14-21. 


15-7  CONCLUSION 


The  SC  behaves  as  an  obstacle  for  the  access  of  numerous  substances.  This  barrier  prop¬ 
erty  restricts  the  availability  of  commercial  transdermal  preparations.  Various  approaches 
have  been  applied  to  check  the  suitability  of  drug  delivery  through  the  skin.  Approaches 
like  eutectic  mixtures,  prodrugs,  and  supersaturation  have  been  successfully  investigated 
to  enhance  the  delivery  of  less  permeated  agents.  Several  penetration  enhancers  have  been 
tested  and  still  the  search  for  an  ideal  enhancer  is  going  on.  Novel  carriers  like  liposomes 
and  transfersomes  have  been  employed  for  the  delivery  of  antifungals,  steroids,  and  vac¬ 
cines  across  the  skin.  The  restricted  capacity  of  passive  techniques  for  the  deliverance  of 
macromolecules  led  to  the  development  of  numerous  device-based  techniques  like  ionto¬ 
phoresis,  sonophoresis,  electroporation,  and  microneedles.  Instead  of  the  occurrence  of 
various  influential  active  enhancement  techniques,  there  is  a  need  for  a  passive  approach 
to  transport  smaller  molecules.  The  reason  behind  this  is  the  issue  of  safety,  usefulness, 
and  patient  compliance  associated  with  extended  treatment  period. 

Drug  delivery  through  the  skin  is  one  of  the  key  areas  that  has  fascinated  researchers. 
The  skin  can  be  used  as  an  alternative  mode  for  drug  delivery  although  the  SC  is  a 
major  hurdle.  Hence  there  is  a  need  to  understand  the  organization,  functioning,  and 
physicochemical  characteristics  of  the  skin.  The  basic  understanding  of  skin  will  offer  a 
better  opportunity  to  utilize  the  available  carriers  and  devices  for  transdermal  drug 
delivery.  The  aid  of  nanotechnology  in  the  field  of  skin  delivery  could  be  a  major  break¬ 
through.  Presently  extensive  research  is  going  on,  and  in  the  coming  time,  transdermal 
systems  can  be  anticipated  for  clinical  use.  Further,  transdermal  systems  will  be  based 
on  controlled  therapeutic  regimen  and  extension  of  existing  drugs  for  usage.  It  could  be 
an  opportunity  for  clinicians  to  utilize  these  systems  for  better  patient  care.  The  occur¬ 
rence  and  implication  of  skin  irritation  and  in  vivo  toxicity  studies  are  needed  to  be 
investigated  for  providing  safe  and  effective  transdermal  systems.  Nowadays  most  of 
the  pharmaceutical  companies  are  working  on  the  development  of  transdermal  systems 
and  it  is  estimated  that  in  the  near  future  the  market  will  be  flooded  with  these 
preparations. 
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Abbreviations 

CBD  cannabidiol 

CLSM  confocal  laser  scanning  microscopy 

DCs  dendritic  cells 

DDW  double  distilled  water 

DMPS  1 ,2-dimyristoyl-3-phosphatidylserine 

DOX  doxorubicin 

FACS  fluorescent  activated  cell  sorting 

FEN  fentanyl 

GFP  green  fluorescent  protein 

GIT  gastrointestinal  tract 

HPMC  hydroxypropyl  methylcellulose 

HV  high  voltage 

LV  low  voltage 

NLC  nanolipid  carrier 

PC  phosphatidylcholine 

PG  propylene  glycols 

SC  stratum  corneum 

SLN  solid  lipid  nanoparticles 

SOD  Superoxide  dismutase 

THP  trihexyphenidyl  hydrochloride 
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16.1  INTRODUCTION 


Proteins  and  peptides  are  essential  molecules  for  life  and  they  have  vital  roles  in  almost 
all  biochemical  processes  in  the  human  body.  Proteins  and  peptides  have  a  wide  range  of 
functions  including  regulation  of  gene  expression,  signal  transduction,  catalysis  of 
reactions,  transportation,  and  immunity-related  functions.  Proteins  and  peptides  are  also 
involved  in  various  pathological  conditions  such  as  diabetes,  hypertension,  and  cancer 
(Voet  and  Voet,  2011).  Because  of  their  wide  range  of  functions  as  well  as  involvement  in 
various  diseases,  proteins  and  peptides  can  be  attractive  therapeutic  agents  for  combating 
these  diseases.  However,  the  physicochemical  properties  of  proteins  and  peptides  make 
them  challenging  for  their  use  as  drug  substances.  In  particular,  proteins  and  peptides  are 
not  suitable  for  administration  by  the  oral  route  mainly  because  of  the  instability  of  pro¬ 
teins  and  peptides  in  the  gastrointestinal  tract  (GIT)  environment,  moreover  the  size  and 
hydrophilicity  of  proteins  and  peptides  cause  them  to  have  poor  oral  bioavailability 
(Goldberg  and  Gomez,  2003;  Park  et  al.,  2011).  Other  routes  of  administration  are  also 
found  to  be  associated  with  certain  drawbacks,  for  example,  even  administration  by 
intravenous  (IV)  injection  may  not  be  sufficient  for  achieving  optimal  therapeutic  effects  as 
many  proteins  and  peptides  suffer  from  low  circulation  half-life  (Werle  and  Bernkop- 
Schniirch,  2006). 

In  the  past  decade,  extensive  studies  have  been  conducted  for  the  development  of 
protein  and  peptide  delivery  systems  that  circumvent  most  of  the  problems  associated 
with  the  delivery  of  proteins  and  peptides.  Various  investigations  were  carried  out  on 
different  approaches  utilizing  different  technologies  such  as  the  use  of  nanoparticle 
carriers,  absorption  enhancers,  enzyme  inhibitors,  and  chemical  modification  of  the 
protein  or  peptide  structure  (Morishita  and  Peppas,  2006;  Shantanu  et  al.,  2018).  Most 
of  these  approaches  mainly  focus  on  the  delivery  of  proteins  and  peptides  by  the  oral 
route,  as  it  is  the  most  popular  method  of  drug  administration  among  patients  because 
of  its  simplicity.  However,  other  routes  of  administration  such  as  the  transdermal, 
nasal,  and  pulmonary  route  also  have  attractive  features  as  alternative  methods  for 
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therapeutic  protein  and  peptide  administration  (Brown,  2005).  This  chapter  will  dis¬ 
cuss  the  basic  concepts  and  problems  of  protein  and  peptide  delivery  systems  with 
special  emphasis  on  the  most  notable  approaches  used  for  development  of  protein  and 
peptide  drug  delivery  systems. 


16*2  STRUCTURAL  CHARACTERISTICS  AND  PROPERTIES  OF 
PROTEINS  AND  PEPTIDES 


Proteins  and  peptides  are  composed  of  amino  acid  units  that  are  linked  through  peptide 
bonds  as  shown  in  Fig.  16.1.  There  are  20  common  amino  acids  that  occur  in  the  structure 
of  endogenous  protein  and  peptide  molecules  as  shown  in  Fig.  16.2.  The  sequence  of  the 
amino  acids  in  the  protein  structure  is  referred  to  as  the  primary  structure.  More  complex 
structural  levels  arise  from  the  interaction  and  folding  of  the  amino  acid  chains  include 
secondary,  tertiary,  and  quaternary  structures.  The  sequence  of  amino  acids  in  a  protein  is 
responsible  for  determining  the  way  it  folds  and  hence  the  overall  three-dimensional  (3D) 
structure  of  the  protein  (Voet  and  Voet,  2011). 

The  high  molecular  weight  of  proteins  and  peptides  in  comparison  with  conventional 
small  drug  molecules  is  one  property  that  makes  them  unable  to  cross  the  intestinal  mem¬ 
brane  and  hence  disallow  oral  administration.  Proteins  and  peptides  also  tend  to  be  more 
hydrophilic  and  may  have  charged  groups  on  them  that  further  reduce  their  ability  to 
cross  cellular  membranes,  since  these  membranes  are  lipophilic  in  nature  and  do  not  allow 
the  passive  diffusion  of  relatively  highly  hydrophilic  molecules  (Goldberg  and  Gomez, 
2003).  Additionally,  the  charged  and  polar  groups  can  participate  in  interactions  with  the 
surrounding  water  molecules  by  forming  hydrogen  bonding,  which  further  reduces  the 
diffusion  across  the  intestinal  membrane.  The  peptide  bonds  in  proteins  and  peptides  are 
highly  susceptible  to  enzymatic  hydrolysis  by  proteolytic  enzymes  present  in  various 
regions  in  the  body.  The  GIT  contains  extensive  proteolytic  enzymes,  which  makes  oral 
administration  of  protein  and  peptides  more  problematic.  The  hydrolysis  of  peptides  by 
proteolytic  enzymes  is  depicted  in  Fig.  16.3.  Physical  stability  of  proteins  and  peptides  can 
also  be  an  issue,  as  changes  in  environmental  factors  such  as  pH  can  cause  disruption  of 
the  noncovalent  interactions  between  different  groups  in  the  molecule  leading  to  changes 
in  the  folding  and  overall  structure  (Yoshioka  and  Stella,  2002). 

FIGURE  16.1  The  general  structure  of  a  peptide  fragment 
showing  the  peptide  bond. 
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FIGURE  16.2  Structures  of  the  20  common  amino  acids  that  are  found  in  proteins  and  peptides. 


163  OVERVIEW  OF  PHARMACOKINETICS  OF  THERAPEUTIC 
PROTEINS  AND  PEPTIDES 


For  any  therapeutic  molecule  to  be  a  clinically  useful  drug,  it  must  have 
acceptable  pharmacokinetic  properties  in  addition  to  good  pharmacodynamic  properties 
(Pran  Kishore  et  al.,  2018a).  In  fact,  many  lead  compounds  that  bind  well  to  their  targets 
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FIGURE  16.3  The  hydrolysis  of  peptides  by  proteolytic  enzymes. 


and  show  excellent  pharmacodynamic  properties,  fail  to  make  it  to  the  market  as  clinically 
used  drugs  because  of  their  poor  pharmacokinetic  properties.  Protein-  and  peptide-based 
therapeutics  are  no  exception.  A  good  pharmacokinetic  profile  is  required,  regardless  of 
how  well  the  protein  or  peptide  can  bind  to  their  target.  However,  the  general  structural 
features  of  proteins  and  peptides  give  inherently  unfavorable  pharmacokinetic  properties 
for  exogenously  administrated  protein  and  peptide  molecules  (Tang  et  al.,  2004;  Rathi  and 
Meibohm,  2006).  In  the  following  sections,  the  general  pharmacokinetic  properties  of  pro¬ 
teins  and  peptides  (absorption,  distribution,  metabolism,  and  excretion)  are  discussed 
highlighting  the  major  challenges  associated  with  each  process. 
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16*3*1  Absorption 

In  general,  the  majority  of  therapeutic  proteins  and  peptides  are  not  orally  absorbable 
because  of  their  instability  in  the  environment  of  the  GIT.  This  is  mainly  because  of  enzy¬ 
matic  degradation  and  unfavorable  pH  values  in  the  stomach  and  intestine,  which  can 
cause  denaturation  of  the  protein  structure  and  hence  loss  of  biological  activity.  The  rela¬ 
tively  large  size  of  proteins  and  peptides  also  hinders  their  absorption  across  the  mucosa 
of  the  intestine.  In  fact,  the  large  size  of  proteins  and  peptides  is  considered  as  the  most 
influencing  factor  because  of  which  the  proteins  and  peptides  show  poor  absorption 
properties  across  the  intestinal  mucosa.  Also,  for  most  of  the  proteins  and  peptides,  the 
hydrophilicity/lipophilicity  balance  is  not  optimum  or  in  the  range  that  allows  for  cross¬ 
ing  the  cellular  membranes  and  be  absorbed  to  the  systemic  circulation.  All  these  factors 
make  the  protein  and  peptide-based  therapeutics  unsuitable  for  oral  administration 
(Yoshioka  and  Stella,  2002;  Lin,  2009). 

Because  of  the  unfavorable  properties  of  proteins  and  peptides  for  oral  administration, 
many  formulations  of  protein-  and  peptide-based  therapeutics  are  prepared  for  other 
routes  of  administration.  Other  routes  of  administration  are  usually  utilized  because  of  the 
lack  of  disadvantages  that  are  associated  with  the  oral  administration  such  as  the  extreme 
values  of  the  pH  and  the  proteolytic  enzymes.  The  parenteral  routes  of  administration 
represent  the  most  frequently  used  routes  of  administration  for  protein  and  peptide 
therapeutic  preparations,  which  mainly  include  IV  injection,  intramuscular  (IM)  injection, 
and  subcutaneous  (SC)  injection  (Zhang  and  Meibohm,  2012). 


16*3*2  Distribution 

For  any  therapeutic  substance  to  exert  its  biological  activity,  it  needs  to  reach  the  site  of 
the  target  with  which  it  interacts  to  achieve  the  desired  effect.  Thus,  following  entry  to  the 
systemic  circulation,  the  therapeutic  proteins  or  peptides  must  first  reach  their  site  of 
action  to  obtain  the  desired  therapeutic  effect  (Lin,  2009).  The  physicochemical  properties 
of  the  protein  or  peptide  such  as  the  hydrophilicity  and  the  molecular  weight  are  responsi¬ 
ble  for  determining  its  volume  of  distribution  and  the  extent  of  plasma  protein  binding, 
which  is  considered  as  an  important  factor  that  affects  the  volume  of  distribution  of  the 
substance.  In  general,  most  proteins  are  observed  to  have  low  volumes  of  distribution;  this 
is  because  they  are  usually  confined  to  plasma  space  or  the  extracellular  space  as  they  can¬ 
not  cross  the  plasma  membranes  due  to  their  relatively  large  sizes  (Shargel  and  Yu,  2016). 

Plasma  protein  binding  of  therapeutic  agents  is  an  important  phenomenon  that  needs 
to  be  taken  into  consideration  for  therapeutic  proteins  and  peptides.  In  general,  it  is 
considered  that  only  the  unbound  (free)  form  of  the  therapeutic  substance  can  exert  its 
biological  activity  while  those  bound  to  the  plasma  proteins  are  unable  to  reach  to  interact 
with  their  target.  Common  plasma  proteins  that  are  known  to  bind  to  various  therapeutic 
substances  are  albumin,  alphal-acid  glycoprotein,  and  lipoproteins.  Excessive  binding  to 
plasma  proteins  can  be  the  cause  of  low  therapeutic  activity.  Also,  various  pharmacoki¬ 
netic  parameters  such  as  half-life,  clearance,  and  volume  of  distribution  are  affected  by 
plasma  protein  binding  (Pran  Kishore  et  al.,  2018b). 
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16*3*3  Metabolism  and  Excretion 

The  metabolism  of  proteins  and  peptides  is  a  major  process  facilitating  elimination  for 
these  substances  and  is  an  important  factor  in  determining  their  circulation  half-lives.  In 
general,  the  metabolic  pathways  observed  in  eliminating  the  therapeutic  proteins  and  pep¬ 
tides  are  the  same  for  the  endogenous  proteins  and  peptides.  There  are  various  enzymes 
in  the  body  that  are  responsible  for  hydrolyzing  proteins  and  peptides,  and  they  mainly 
differ  in  their  substrate  specificity,  as  some  enzymes  catalyze  the  hydrolysis  of  only  spe¬ 
cific  classes  of  proteins  or  peptides  while  other  enzymes  have  broad  substrate  selectivity. 
Proteases  and  peptidases  are  distributed  in  different  body  regions,  however,  extensive 
metabolism  of  proteins  and  peptides  generally  occurs  in  the  GIT,  liver,  and  kidneys. 
Metabolism  of  various  proteins  and  peptides  can  also  take  place  at  a  high  rate  in  other 
regions  of  the  body  such  as  in  the  blood  (Zhang  and  Meibohm,  2012).  The  proteolytic 
enzymes  hydrolyze  the  proteins  and  peptides  to  their  individual  amino  acids  or  too  small 
fragments  of  di-,  tri-,  and  oligopeptides.  These  amino  acids  can  be  used  for  the  synthesis 
of  new  proteins  and  peptides  or  metabolized  to  other  products  (Lin,  2009). 

Due  to  the  high  capacity  of  the  human  body  to  hydrolyze  proteins  and  peptides,  the 
therapeutic  proteins  and  peptides  can  suffer  from  short  circulation  half-lives,  which  is 
undesirable  because  the  biological  activity  may  not  be  retained  for  enough  time  to  achieve 
the  therapeutic  effect.  The  most  important  property  of  proteins  or  peptides  that  determine 
the  extent  of  its  metabolism  is  the  molecular  weight.  In  general,  the  lower  the  molecular 
weight  of  a  protein  or  peptide,  the  higher  the  metabolism  and  hence  it  will  have  shorter 
circulation  half-life,  while  proteins  and  peptides  with  relatively  higher  molecular  weights 
tend  to  have  a  lower  metabolism  and  higher  circulation  half-lives  (Lin,  2009). 

The  significance  of  renal  excretion  for  proteins  and  peptides  depends  largely  on  their 
molecular  size.  Proteins  or  peptides  that  have  relatively  large  sizes  are  unable  to  pass 
through  the  glomerular  membrane  for  urinary  excretion,  while  hydrophilic  proteins  and 
peptides  with  sizes  that  allow  them  to  be  filtered  by  the  glomeruli  can  be  excreted  in  the 
urine  (Lee,  2002).  Some  proteins  and  peptides  can  be  excreted  into  the  bile  such  as  octreo¬ 
tide.  Bile  excretion  may  result  in  further  metabolism  in  the  GIT  of  the  excreted  proteins 
and  peptides  (Zhang  and  Meibohm,  2012). 


16*4  FORMULATION  STABILITY  OF  THERAPEUTIC  PROTEINS  AND 

PEPTIDES  PRODUCTS 


Therapeutic  proteins  and  peptides  based  pharmaceutical  formulations  can  suffer  from 
stability  problems  similar  to  the  conventional  drugs  formulations.  However,  in  addition  to 
chemical  degradation,  physical  degradation  is  of  particular  importance  for  proteins  and 
peptides.  This  is  because  the  overall  3D  structure  of  a  protein  or  peptide  is  held  by  nonco- 
valent  interactions  and  any  disruption  of  these  interactions  can  lead  to  the  loss  of  struc¬ 
tural  integrity  and  hence  the  loss  of  biological  activity.  Chemical  degradation  involves  the 
formation  or  breaking  of  a  covalent  bond  resulting  in  changes  in  chemical  structure  of  the 
protein  or  the  peptide,  while  physical  degradation  involves  structural  changes  related  to 
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the  noncovalent  interactions  affecting  the  secondary,  tertiary,  or  quaternary  structure  of 
the  protein  (Pran  Kishore  et  al.,  2018c;  Florence  and  Attwood,  2011). 


16*4.1  Chemical  Degradation 

There  are  various  chemical  pathways  involved  in  the  chemical  degradation  of  proteins 
and  peptides.  For  example,  deamidation  is  a  common  chemical  degradation  reaction  for 
proteins  and  peptides.  It  involves  the  hydrolysis  of  the  amide  side  chain  of  a  glutamine  or 
asparagine  residue  to  a  carboxylic  acid.  Example  of  a  peptide  that  undergoes  deamidation 
is  the  adrenocorticotropic  hormone  (Bhatt  et  al.,  1990).  Racemization  is  another  type  of 
chemical  reaction  that  can  occur  in  proteins  and  peptides,  since  all  the  amino  acids  are 
chiral  with  the  exception  of  glycine,  this  reaction  generally  occurs  at  alkaline  pH  values. 
Hydrolysis  is  also  frequently  encountered  in  proteins  and  peptides  products.  For  example, 
aspartic  acid  hydrolysis  in  acidic  pH  has  been  observed  in  secretin.  Hydrolysis  can  also 
take  place  at  different  amino  acid  residues  such  as  histidine  and  serine.  Other  commonly 
observed  pathways  for  chemical  degradation  include  oxidation,  beta-elimination,  and 
disulfide  bond  formation  (Florence  and  Attwood,  2011;  Yoshioka  and  Stella,  2002). 


16*4.2  Physical  Degradation 

The  integrity  of  the  3D  structure  of  a  protein  or  peptide  is  required  to  retain  the 
biological  activity.  Usually,  changes  in  the  native  3D  structure  will  lead  to  a  loss  or  change 
in  the  biological  activity.  Physical  degradation  can  disrupt  the  noncovalent  interactions  in 
the  structure  of  the  protein  or  peptide  and  hence  changes  the  3D  structure.  Physical  degra¬ 
dation  is  mainly  induced  by  environmental  factors,  which  include  extreme  pH  values, 
heating,  and  interacting  with  molecules  that  can  disrupt  the  structure  of  the  protein  or 
peptide  (Yoshioka  and  Stella,  2002). 

Denaturation  refers  to  the  process  of  secondary  or  tertiary  structure  distortion  in  the 
protein,  which  can  be  classified  as  irreversible  or  reversible  denaturation.  Irreversible 
denaturation  occurs  when  the  protein  cannot  regain  its  native  secondary  and  tertiary 
structure  even  after  removing  the  cause  of  denaturation.  On  the  other  hand,  reversible 
denaturation  means  the  protein  can  regain  its  native  secondary  and  tertiary  structure  by 
removing  the  cause  of  denaturation.  Causes  of  denaturation  include  heating  and  extreme 
pH  values.  Denaturation  can  lead  to  further  physical  degradation  such  as  aggregation, 
precipitation,  and  adsorption  to  the  container's  walls  (Florence  and  Attwood,  2011). 


16*5  ROUTES  OF  ADMINISTRATION  FOR  DELIVERY  OF  PROTEINS 

AND  PEPTIDES 


Therapeutic  proteins  and  peptides  can  be  administrated  by  various  routes  of  adminis¬ 
tration,  each  route  has  its  own  advantages  and  disadvantages  (Pal  et  al.,  2018).  Although 
the  oral  route  is  the  most  popular  route  for  administration  of  therapeutic  agents,  there  are 
many  limitations  associated  with  proteins  and  peptides  oral  administration.  Therefore, 
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other  routes  such  as  the  pulmonary,  nasal,  and  transdermal  routes  have  been  investigated 
for  proteins  and  peptides  administration  (Venkat  Ratnam  et  al.,  2018;  Arpna  et  al.,  2018). 
In  the  following  sections,  we  discuss  each  of  these  routes  and  their  advantages  and 
disadvantages. 


16*5*1  The  Oral  Route  of  Administration 

The  oral  route  of  administration  represents  the  most  convenient  method  of  administra¬ 
tion  of  therapeutic  agents  (Venkat  Ratnam  et  al.,  2018).  The  ease  of  administration  by 
patients  and  the  noninvasive  nature  make  the  oral  route  the  most  popular  route  of  admin¬ 
istration  (Verma  et  al.,  2010).  However,  as  previously  discussed,  the  unfavorable  physico¬ 
chemical  properties  of  proteins  and  peptides  makes  them  unsuitable  for  oral 
administration.  As  most  proteins  and  peptides  are  subject  to  enzymatic  degradation  by  the 
proteases  as  well  as  extreme  values  of  pH  in  different  regions  of  the  GIT  that  can  denature 
many  proteins  and  hence  render  them  inactive.  The  physicochemical  properties  of  proteins 
and  peptide  also  disfavor  their  absorption  through  the  intestinal  epithelium,  which  makes 
them  orally  not  bioavailable  (Goldberg  and  Gomez,  2003). 

In  spite  of  these  great  limitations  and  barriers,  extensive  studies  have  been  conducted 
for  the  development  of  oral  proteins  and  peptides  delivery  systems  that  allow  for  oral 
administration  of  therapeutic  proteins  and  peptides  formulations.  Many  different 
approaches  were  investigated  and  some  of  them  have  demonstrated  great  successes  by 
making  it  to  the  market  while  others  are  still  in  different  developmental  stages.  Examples 
of  approaches  that  can  be  used  to  improve  the  oral  bioavailability  of  proteins  and  peptides 
are  the  absorption  enhancers,  chemical  modification  of  the  protein  or  peptide  structure, 
nanoparticle  carriers,  and  various  others  (Morishita  and  Peppas,  2006;  Shantanu  et  al., 
2018).  In  later  sections,  these  approaches  are  discussed  in  detail.  Recently,  insulin  has  been 
formulated  for  oral  drug  delivery  and  outcomes  of  the  clinical  trials  are  promising  for 
type  2  diabetes. 


16*5*2  Parenteral  Route  of  Administration 

Parenteral  route  of  administration  offers  many  advantages  as  a  method  for  the  adminis¬ 
tration  of  therapeutic  proteins  and  peptides  formulations.  One  advantage  is  that  therapeu¬ 
tic  proteins  and  peptides  administrated  by  parenteral  route  avoid  passing  through  the  GIT 
along  with  many  problems  associated  with  an  oral  administration,  which  usually  renders 
the  proteins  and  peptides  inactive  as  previously  discussed.  The  parenteral  routes  of 
administration  include  IV  injection,  IM  injection,  and  SC  injection.  The  IV  administration 
offers  complete  delivery  of  the  administrated  proteins  and  peptides  to  the  systemic  circu¬ 
lation  and  avoids  going  into  any  presystemic  clearance  process.  Additionally,  the  IV 
administration  allows  for  rapid  onset  of  action  of  the  administrated  therapeutic  protein  or 
peptide,  which  can  be  an  important  advantage  in  the  administration  of  some  therapeutic 
proteins  such  as  the  streptokinase  enzyme  (Shantha  Kumar  et  al.,  2006). 

On  the  other  hand,  IM  and  SC  administrations  can  have  variability  in  the  bioavailability 
of  the  administrated  proteins  and  peptides.  This  is  because  therapeutic  agents 
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administrated  by  these  routes  can  be  subject  to  metabolic  inactivation  prior  to  reaching  the 
systemic  circulation.  There  are  other  factors  that  can  cause  variability  in  the  bioavailability 
rate  of  IM  and  SC  administrated  therapeutic  agents  such  as  the  blood  flow  in  the  adminis¬ 
tration  site  (Zhang  and  Meibohm,  2012). 

Examples  of  marketed  therapeutic  proteins  and  peptides  that  are  administrated  by  the 
parenteral  route  include  the  erythropoietin  hormone  (administrated  by  IV  and  SC),  which 
is  used  for  the  treatment  of  anemia,  and  the  insulin  hormone  (administrated  by  SC),  which 
is  used  for  the  treatment  of  diabetes  (Shantha  Kumar  et  al.,  2006). 


16*5*3  Pulmonary  Route  of  Administration 

The  administration  of  therapeutic  proteins  and  peptides  for  the  treatment  of  systemic 
conditions  by  the  pulmonary  route  of  administration  is  considered  a  novel  approach 
showing  promising  results.  The  main  advantages  of  this  route  are  the  ease  of  administra¬ 
tion  by  the  patient,  the  potential  for  high  absorption  rate  and  hence  high  bioavailability 
rate,  rapid  onset  of  action,  and  avoidance  of  the  problems  associated  with  the  oral  route  of 
administration  (Huang  and  Wang,  2006).  The  lungs  have  several  favorable  properties  as  a 
site  of  absorption,  which  include  relatively  high  surface  area  available  for  absorption,  the 
thin  nature  of  the  alveolar  membranes  that  enhances  the  absorption  rate  as  well  as  the 
high  vascular  supply,  which  is  also  beneficial  for  the  absorption  process  to  the  systemic 
circulation.  These  advantageous  properties  of  pulmonary  delivery  of  therapeutic  proteins 
and  peptides  can  highly  enhance  the  bioavailability  rate  and  animal  studies  have  reported 
that  in  case  of  some  proteins  it  was  possible  to  achieve  up  to  50%  bioavailability  rate 
depending  on  the  properties  of  the  protein  being  used.  Problems  associated  with  the 
pulmonary  delivery  of  therapeutic  proteins  and  peptides  are  mainly  concerned  with 
the  irritation  of  the  lung  tissues  and  the  possible  immunogenicity  related  events 
(Morimoto  et  al.,  2000). 

An  example  of  a  marketed  product  based  on  the  pulmonary  route  of  administration  is 
Exubera,  which  is  an  insulin  formulation  containing  dry  powder  insulin  that  is  adminis¬ 
trated  by  the  pulmonary  route.  This  product  offers  rapid  absorption  into  the  systemic 
circulation  upon  administration,  which  is  faster  than  the  subcutaneously  administrated 
insulin  formulations.  Also,  the  administration  method  by  patients  is  more  convenient  than 
subcutaneous  injection  (Shantha  Kumar  et  al.,  2006). 


16*5*4  Transdermal  Route  of  Administration 

The  transdermal  delivery  has  been  widely  investigated  for  the  administration  of  differ¬ 
ent  types  of  therapeutic  agents.  The  transdermal  route  has  many  attractive  properties  for 
the  administration  of  therapeutic  agents  such  as  the  relative  ease  of  administration  and  the 
avoidance  of  the  common  problems  associated  with  the  oral  route  such  as  first  pass 
metabolism.  Although  this  method  of  administration  has  proven  to  be  successful  with  var¬ 
ious  drugs  such  as  pain  management  agents,  the  delivery  of  proteins  and  peptides 
through  the  transdermal  route  is  more  challenging  (Hadgraft,  1999).  This  is  mainly 
because  proteins  and  peptides  do  not  penetrate  into  the  stratum  conium  layer  of  the  skin 
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at  a  rate  that  allows  for  therapeutic  application.  To  improve  the  penetration  of  proteins 
and  peptides,  various  strategies  can  be  employed  such  as  the  use  of  penetration  enhancers, 
which  are  substances  that  are  used  to  increase  the  penetration  of  macromolecules  through 
the  skin.  One  important  limitation  associated  with  the  use  of  these  agents  is  the  possibility 
of  skin  irritation  effects.  More  advanced  technologies  for  transdermal  delivery  that  are 
promising  include  microneedles,  sonophoresis,  and  iontophoresis,  which  were  shown  to 
greatly  enhance  the  bioavailability  of  the  proteins  and  peptides.  For  example,  sonophoresis 
was  successfully  used  for  the  delivery  of  the  insulin  hormone  through  the  transdermal 
route.  However,  a  significant  limitation  of  the  transdermal  delivery  of  therapeutic  agents 
that  is  difficult  to  control  is  the  individual  variability  in  absorption  (Shantha  Kumar  et  al., 
2006;  Florence  and  Attwood,  2011). 


16*5*5  Nasal  Route  of  Administration 

The  nasal  route  of  administration  has  attractive  properties  for  the  administration  of 
therapeutic  proteins  and  peptides.  The  main  advantages  are  the  rich  vascular  supplies  and 
the  large  surface  area  that  facilitate  the  absorption  process.  This  route  also  avoids  the  first 
pass  metabolism  and  other  common  problems  associated  with  the  oral  administration  of 
therapeutics.  In  addition  to  that,  the  nonin vasive  nature  of  intranasal  administration 
makes  it  a  more  convenient  method  for  administration  of  therapeutics  in  a  similar  manner 
to  the  oral  administration  (Amidi  et  al.,  2006;  Sinha  and  Trehan,  2003;  Basant  et  al.,  2018). 
Various  therapeutic  proteins  and  peptides  have  been  investigated  for  intranasal  adminis¬ 
tration  such  as  insulin,  growth  hormone  and  oxytocin.  Results  indicated  that  the  most 
critical  property  of  the  protein  or  peptide  being  investigated  that  determines  the  bioavail¬ 
ability  rate  is  the  molecular  weight.  Low  molecular  weight  peptides  were  found  to  have 
higher  bioavailability  rates  and  were  able  to  exert  expected  biological  activity,  while  pep¬ 
tides  with  relatively  higher  molecular  weight  exhibited  lower  bioavailability  rates  and 
were  biologically  inactive.  The  main  disadvantages  associated  with  intranasal  administra¬ 
tion  are  concerned  with  the  variability  in  absorption,  as  the  mucus  secretion  can  vary. 
Also,  conditions  such  as  allergy  or  other  nasal  related  diseases  can  affect  the  delivery  pro¬ 
cess  of  the  therapeutic  agent  and  hence  the  rate  of  bioavailability  (Zhang  and  Meibohm, 
2012). 


16*5*6  Buccal  Route  of  Administration 

The  buccal  administration  of  drugs  and  other  therapeutic  agents  including  proteins  and 
peptides  has  been  investigated  because  it  offers  many  advantages.  The  oral  mucosa  is 
known  to  be  more  permeable  and  allows  higher  perfusion  in  comparison  with  the  skin, 
hence  higher  absorption  rates  of  therapeutic  agents  are  expected  (Sudhakar  et  al.,  2006). 
Also,  the  conditions  in  the  oral  cavity  are  relatively  less  harsh  as  compared  with  the 
environment  of  the  GIT.  Since  the  pH  value  is  not  acidic  in  the  oral  cavity  and  also  the 
proteases  activity  is  relatively  low,  the  therapeutic  proteins  and  peptides  are  less  suscepti¬ 
ble  to  degradation  or  denaturation  in  this  route.  Many  therapeutic  proteins  and  peptides 
have  been  studied  for  administration  by  the  buccal  route  such  as  the  transforming  growth 
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factor  beta-3,  calcitonin,  and  glucagon-like  peptide  I.  Some  of  the  investigated  agents  have 
shown  reasonably  acceptable  bioavailability  rates.  However,  there  are  still  many  problems 
that  need  to  be  resolved  for  the  buccal  administration  of  therapeutic  agents  such  as  the 
variability  in  mucosa  as  well  as  safety-related  issues  (Lee,  2002). 


16*6  APPROACHES  FOR  ENHANCING  DELIVERY  OF  PROTEINS  AND 

PEPTIDES  VIA  ORAL  ROUTE 


16.6.1  Chemical  Modifications 

The  modification  of  the  chemical  structures  of  proteins  and  peptides  is  one  of  the 
approaches  for  improving  their  pharmacokinetic  profile  to  render  them  more  clinically 
applicable  therapeutic  agents  (Borchardt,  1999).  The  purpose  of  conducting  specific  chemi¬ 
cal  modifications  in  the  protein  or  peptide  structure  is  to  eliminate  certain  undesirable 
properties  that  the  protein  or  peptide  may  have  such  as  the  high  susceptibility  to  enzy¬ 
matic  hydrolysis,  improper  solubility  or  poor  membrane-penetration  ability.  Another 
important  application  of  chemical  modifications  is  to  reduce  the  immunogenicity  of  the 
administrated  therapeutic  proteins  and  peptides.  In  some  cases,  the  pharmacological  activ¬ 
ity  of  the  therapeutic  proteins  and  peptides  can  also  be  adjusted  by  chemical  modifica¬ 
tions.  In  the  case  of  glycoproteins,  the  modifications  can  be  carried  out  either  on  the 
carbohydrate  moiety  of  the  molecule  or  on  the  amino  acids  portion  (Mahato  et  al.,  2003). 

The  chemical  modifications  can  be  done  by  different  methods  including  the  replace¬ 
ment  of  specific  amino  acid  with  another  one  or  modifying  the  structure  of  the  amino 
acid.  Another  commonly  employed  method  is  the  replacement  of  an  L-amino  acid  with  a 
D-amino  acid,  which  can  result  in  highly  different  properties  such  as  resistance  to  enzy¬ 
matic  hydrolysis  and  enhanced  cell  membrane-penetration  ability.  For  example,  in  the 
design  of  desmopressin,  which  is  an  analogue  of  the  hormone  vasopressin,  the  N-terminal 
amino  acid  of  vasopressin  was  deaminated,  and  the  C-terminal  L-arginine  residue  was 
substituted  with  a  D-arginine  residue.  Although  the  vasopressin  hormone  can  be  adminis¬ 
trated  orally,  high  doses  are  required  to  achieve  suitable  therapeutic  effects.  The  oral  bio¬ 
availability  of  desmopressin  is  substantially  higher  than  the  natural  vasopressin,  and 
much  lower  doses  are  required  to  achieve  the  desired  therapeutic  effects.  The  chemical 
modifications  in  desmopressin  proved  to  be  useful  by  increasing  the  resistance  to  enzy¬ 
matic  hydrolysis  and  enhancing  the  penetration  across  the  cellular  membranes  and  thus 
improving  the  bioavailability  (Shaji  and  Patole,  2008;  Vilhardt  and  Lundin,  1986). 

Another  commonly  used  method  of  chemical  modification  is  to  introduce  a  lipophilic 
moiety  such  as  fatty  acids  in  the  structure  of  the  protein  or  peptide.  The  introduced  lipo¬ 
philic  moiety  causes  an  increase  in  the  overall  hydrophobicity  of  the  molecule,  which  is 
beneficial  for  the  absorption  process  of  the  molecule  in  the  intestine.  Additionally, 
increased  hydrophobicity  can  increase  the  overall  stability  of  the  therapeutic  protein  or 
peptide  (Shaji  and  Patole,  2008).  For  example,  1,3-dipalmitoyl  glycerol  was  used  to 
increase  the  hydrophobicity  of  insulin  by  attaching  it  to  the  amino  groups  of  three  differ¬ 
ent  amino  acid  residues,  namely,  glycine,  phenylalanine,  and  lysine.  This  resulted  in  a 
highly  improved  pharmacokinetic  profile  of  insulin.  Also,  the  absorption  process  of  insulin 
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in  the  intestine  was  shown  to  be  greatly  enhanced  due  to  the  increased  hydrophobicity  of 
the  molecule  that  facilitated  the  penetration  across  mucosal  membranes.  The  enzymatic 
hydrolysis  was  highly  reduced,  which  further  enhances  the  bioavailability  of  insulin 
(Hashimoto  et  al.,  1989).  Other  studies  have  been  also  conducted  that  take  advantage  of 
increasing  the  hydrophobicity  of  insulin  to  achieve  certain  desirable  properties.  For  exam¬ 
ple,  in  one  study,  conjugation  with  a  lipid  moiety  was  performed  to  decrease  the  binding 
of  insulin  to  serum  albumin,  since  in  most  of  the  cases  the  bound  form  of  a  therapeutic 
molecule  is  considered  to  be  inactive  and  only  the  free  form  can  exert  pharmacological 
activity  (Pran  Kishore  et  al.,  2018b;  Brader  et  al.,  2002). 


16.6.1.1  PEGylation 

The  term  PEGylation  refers  to  the  process  of  the  covalent  attachment  of  one  or  more 
molecules  of  polyethylene  glycol  (PEG)  to  the  structure  of  a  biomolecule  (mainly  a  protein 
or  peptide)  to  enhance  the  pharmacokinetic  properties  of  the  biomolecule  and  thus  con¬ 
verting  it  into  a  more  useful  therapeutic  agent.  The  structure  of  the  PEG  polymer  is  shown 
in  Fig.  16.4.  The  PEG  polymer  possesses  remarkable  properties  that  make  it  very 
suitable  for  its  application  in  therapeutic  proteins  and  peptides  delivery  systems 
(Hamman  and  Steenekamp,  2011).  The  PEG  polymer  is  available  in  a  wide  range  of  molec¬ 
ular  weights  and  can  be  linear  or  branched.  The  solubility  of  the  PEG  polymer  is  one  of  its 
remarkable  properties,  as  it  is  soluble  in  both  aqueous  and  organic  solvents.  Studies  have 
indicated  that  the  backbone  of  the  polymer  is  hydrated  with  about  two  or  three  water 
molecules  binding  with  each  subunit  of  ethylene  glycol,  which  in  turn  makes  the  PEG 
polymer  hydrophilic  in  nature.  It  should  be  noted  that  polymers  of  comparable  sizes  and 
structures  are  much  less  hydrophilic  in  comparison  with  the  PEG  polymer.  The  PEG 
polymer  also  has  a  high  degree  of  flexibility  because  the  substituents  around  the  backbone 
are  not  bulky  to  hinder  the  rotation.  In  addition,  PEG  polymer  is  nontoxic,  nonimmuno- 
genic,  and  is  widely  available  with  extensive  studies  about  its  chemical  and  physical 
properties.  These  properties  make  the  PEGylation  a  very  attractive  approach  in  designing 
oral  protein  and  peptide  delivery  systems  (Roberts  et  al.,  2012;  Veronese,  2001;  Harris  and 
Chess,  2003). 

The  therapeutic  proteins  and  peptides  that  have  been  linked  to  an  appropriate  PEG 
polymer  show  a  highly  improved  pharmacokinetic  profile.  The  absorption  of  the  protein 
or  peptide  is  improved  mainly  by  protection  from  enzymatic  hydrolysis  and  by  improving 
the  solubility  of  the  molecule.  The  PEG  polymers  (attached  to  proteins  and  peptides)  show 
high  mobility  and  can  provide  a  shield  that  prevents  the  proteolytic  enzymes  from  acces¬ 
sing  the  protein  or  peptide  and  hydrolyzing  it  as  shown  in  Fig.  16.5.  This  protection  from 
enzymatic  hydrolysis  by  the  PEG  polymers  keeps  the  structure  of  the  protein  or  peptide 
intact  and  thus  prevents  the  loss  of  the  biological  activity  (Gupta  and  Sharma,  2009).  The 
circulation  half-life  of  the  PEG  polymer  attached  proteins  and  peptides  is  increased 
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FIGURE  16.5  The  protection  of  proteins  and  peptides  by  polyethylene  glycol  (PEG)  polymers  from  the  pro¬ 
teolytic  enzymes. 


because  the  attachment  of  a  PEG  polymer  increases  the  overall  size  of  the  molecule,  which 
in  turn  reduces  the  clearance  by  the  renal  filtration  process.  Another  important  effect 
results  from  the  attachment  of  a  PEG  polymer  to  a  protein  or  peptide  is  the  reduction  of 
the  immunogenicity  of  the  protein  or  peptide.  The  PEG  polymer  acts  as  a  shield  that  sur¬ 
rounds  the  protein  or  peptide  and  thus  reduces  the  recognition  by  the  (3-cells  or  antibodies, 
which  in  turn  prevents  the  initiation  of  an  immunogenic  response.  The  attachment  of  a 
PEG  polymer  to  proteins  and  peptides  also  prevents  their  possible  aggregation,  which  can 
be  immunogenic  (Pasut  and  Veronese,  2012). 

One  of  the  drawbacks  of  the  PEGylation  approach  is  mainly  concerned  with  the  reduc¬ 
tion  in  the  biological  activity  of  the  PEGylated  protein  or  peptide.  This  is  because  of  the 
structural  changes  induced  by  the  attachment  of  the  PEG  polymer,  which  can  interfere 
with  the  molecular  recognition  between  the  protein  or  peptide  and  its  receptor.  For  exam¬ 
ple,  the  PEG  polymer  may  cause  steric  hindrance  and  prevent  proper  binding  of  the 
protein  or  peptide  to  the  target.  Nevertheless,  the  PEGylation  approach  is  considered  to  be 
of  great  importance  in  developing  orally  active  therapeutic  proteins  and  peptides,  since 
the  reduction  in  the  biological  activity  is  balanced  by  the  great  improvements  in  the  phar¬ 
macokinetic  properties  such  as  the  enhanced  absorption  and  the  increased  circulation  half- 
life  (Jain  et  al.,  2013). 

An  example  of  an  approved  product  that  is  developed  based  on  the  PEGylation 
approach  is  the  Nobex  Corporation's  HIM2,  which  is  hexyl  insulin  that  is  attached  to  PEG 
polymer.  The  product  can  be  administrated  orally  and  shows  a  good  hypoglycemic  effect. 
The  attached  PEG  improves  the  overall  stability  of  the  molecule  and  enhances  the  bioavail¬ 
ability  to  an  acceptable  rate,  which  allows  for  oral  administration  (Hamman  et  al.,  2005). 

16.6.1.2  Peptidomimetics 

The  design  of  peptidomimetics  is  another  approach  that  has  emerged  to  overcome  the 
pharmacokinetic  issues  of  therapeutic  proteins  and  peptides.  Peptidomimetics  are  mole¬ 
cules  that  are  designed  to  mimic  the  structure  of  a  bioactive  protein  or  peptide  and  show 
acceptable  pharmacokinetic  properties  while  retaining  the  desired  biological  activity. 
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There  are  various  methods  of  peptide  modifications  that  can  be  carried  out  on  the 
structure  of  a  peptide  molecule  to  improve  its  pharmacokinetic  profile  (Ahmad  et  al., 
2015).  The  structural  modifications  are  mainly  used  to  make  the  peptide  more  stable  in  the 
GIT  environment  and  to  render  it  less  susceptible  to  enzymatic  degradation.  Also,  the 
solubility,  lipophilicity,  and  flexibility  of  the  peptide  can  be  adjusted  to  more  optimum 
values  to  enhance  the  stability  as  well  as  the  absorption  rate.  The  binding  of  the  peptide  to 
its  target  is  also  subject  to  change  due  to  the  induced  structural  modifications  (Hamman 
et  al.,  2005). 

Modifications  on  the  peptide  can  take  place  either  at  the  backbone  of  the  peptide  or  at 
the  side  chains  of  the  amino  acids  or  at  both.  Common  strategies  include  N-alkylation, 
isosteric  replacement  of  the  amide  bond,  and  global  or  local  restrictions.  The  alkylation  of 
the  nitrogen  atom  in  the  amide  bonds  of  peptides  has  been  proved  to  be  a  useful  tech¬ 
nique  in  improving  the  bioavailability  of  peptide  molecules  (Pauletti  et  al.,  1997). 

In  general,  the  effects  of  N-alkylation  include  increased  overall  lipophilicity  of  the 
peptide  and  induced  steric  hindrance.  Also,  by  carrying  out  N-alkylation,  the  introduced 
alkyl  group  replaces  the  hydrogen  atom  that  is  originally  bonded  to  the  nitrogen  atom  of 
the  amide  bond.  This,  in  turn,  reduces  the  capability  of  hydrogen  bonding  since  by  repla¬ 
cing  the  hydrogen  atom,  the  nitrogen  atom  of  the  amide  can  no  longer  act  as  an  H-donor. 
The  decreased  hydrogen  bonding  capabilities  can  have  effects  on  the  conformation  of  the 
peptide,  as  both  alpha-helix  and  beta-sheets  can  be  destabilized  by  the  N-alkylation.  An 
example  of  an  N-methylated  peptide  that  is  orally  bioavailable  is  the  natural  immunosup¬ 
pressive  agent  cyclosporine  (Fig.  16.6),  where  the  nitrogen  atoms  of  the  amide  bonds  have 
been  alkylated  by  a  methyl  group,  cyclosporine  can  be  administrated  orally  with  a 
bioavailability  rate  of  29%.  However,  it  should  be  noted  that  the  N-alkylation  in  cyclospor¬ 
ine  is  not  the  sole  reason  for  making  it  orally  bioavailable.  There  are  other  factors  involved 
such  as  the  cyclization  of  the  peptide,  which  is  also  a  common  strategy  to  improve  the 
bioavailability  of  a  peptide  (Rader  et  al.,  2017). 

Isosteric  replacement  of  the  amide  bond  is  another  approach  for  peptidomimetics 
design  that  has  been  extensively  investigated.  The  replacement  of  the  amide  bond  with  an 
amide  isos  ter  e  can  have  various  effects  on  the  peptide's  conformation,  as  it  can  affect  the 
hydrogen  bonding  properties,  flexibility,  and  folding  of  the  peptide.  For  example,  replace¬ 
ment  of  the  alpha-carbon  by  a  nitrogen  atom  gives  the  azapeptides  class,  which  includes 
azatides  and  peptoids  variants.  In  the  azatides,  all  the  alpha-carbons  in  the  backbone  of 
the  peptide  are  replaced  by  nitrogen  atoms,  while  in  the  peptoids,  the  alpha-carbon  is 
replaced  by  nitrogen  atoms  and  the  original  nitrogen  atoms  of  the  peptide  backbone  are 
replaced  by  carbon  atoms.  An  example  of  a  successful  marketed  drug  developed  by  the 
peptidomimetics  approach  is  the  HIV  protease  inhibitor  ritonavir  (Silverman  and 
Holladay,  2014;  Pran  Kishore  et  al.,  2014). 


16*6*2  Enzyme  Inhibition 

Proteases  are  a  class  of  enzymes  that  catalyze  the  hydrolysis  of  peptide  bonds  present 
in  proteins  and  peptides.  Proteases  can  be  classified  into  different  groups  based  on  the  cat¬ 
alytic  amino  acid  residue  in  the  active  site  of  the  protease,  for  example,  serine  proteases 
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Cyclosporine 


FIGURE  16.6  The  chemical  structure  of  the  N-alkylated  peptide  cyclosporine. 

contain  a  serine  residue  in  the  active  site  that  has  a  hydroxyl  group,  which  can  act  as  a 
nucleophile  group  in  the  hydrolysis  process  of  the  peptide  bond;  other  classes  include  cys¬ 
teine,  threonine,  aspartic,  glutamic,  and  metalloproteases  (Motyan  et  al.,  2013). 

Proteases  in  the  GIT  can  hydrolyze  peptide  bonds  of  proteins  and  peptides  that  are 
administrated  orally;  therefore,  one  approach  that  can  be  useful  for  improving  the  stability 
of  proteins  and  peptides  in  the  GIT  is  the  inhibition  of  these  enzymes.  One  possible  way 
of  inhibiting  the  action  of  proteases  on  the  proteins  and  peptides  present  in  pharmaceuti¬ 
cal  products  is  the  coadministration  of  protease  inhibitors  that  can  inhibit  specific  pro¬ 
teases  that  are  responsible  for  the  degradation  of  the  administrated  proteins  or  peptides 
(Park  et  al.,  2011).  For  example,  the  insulin  is  known  to  be  degraded  in  the  GIT  by  differ¬ 
ent  enzymes  like  trypsin,  alpha-chymotrypsin,  and  insulin-degrading  enzyme  (IDE). 
Various  synthetic  and  naturally  occurring  inhibitors  of  these  enzymes  have  been  identified 
and  investigated  for  the  possibility  of  improving  the  oral  bioavailability  of  insulin  by  its 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


16.6  APPROACHES  FOR  ENHANCING  DELIVERY  OF  PROTEINS  AND  PEPTIDES  VIA  ORAL  ROUTE  667 

coadministration  with  these  inhibitors.  Table  16.1  provides  a  list  of  the  common  proteases 
that  are  known  to  degrade  the  insulin  hormone,  along  with  their  protease  class  and  the 
known  inhibitors  for  each  class.  Results  from  studies  conducted  for  the  inhibition  of  tryp¬ 
sin  and  chymotrypsin  enzymes  to  prevent  the  degradation  as  well  as  improve  the  bioavail¬ 
ability  of  insulin  have  shown  an  increased  rate  of  oral  bioavailability  for  the  insulin  (Park 
et  al.,  2011;  Shaji  and  Patole,  2008;  Pivovarova  et  al.,  2016). 

In  general,  natural  inhibitors  have  less  toxicity;  however,  usually  high  amounts  are 
required  to  be  coadministered  to  achieve  the  desired  effect.  This  is  because  these  inhibitors 
can  be  subject  to  enzymatic  degradation  in  the  GIT.  Another  disadvantage  associated  with 
the  use  of  protease  inhibitors  is  that  administrated  proteins  other  than  the  therapeutic  pro¬ 
teins  will  not  be  degraded,  which  may  lead  to  toxic  effects  if  these  proteins  are  absorbed. 
Additionally,  metabolic  changes  may  occur  in  the  GIT  because  of  these  proteins  that  are 
not  degraded  (Renukuntla  et  al.,  2013). 

Another  strategy  for  protease  inhibition  that  does  not  involve  the  use  of  protease  inhibi¬ 
tors  is  the  alteration  of  the  pH  value  in  the  media  at  which  these  enzymes  function  to  inac¬ 
tivate  them.  Because  each  enzyme  has  an  optimum  value  of  pH  at  which  it  can  function 
properly,  alteration  of  the  pH  value  can  cause  the  enzyme  to  be  inactive.  It  is  possible  to 
inhibit  enzymes  such  as  trypsin  and  chymotrypsin  that  are  present  in  the  intestine,  for 
example,  by  using  a  buffer  solution  that  can  lower  the  local  pH  value  in  the  intestine  to  a 
value  of  4.5  or  lower  (Shaji  and  Patole,  2008). 


1 6*6*3  Absorption  Enhancers 

Absorption  enhancers  can  be  defined  as  substances  that  are  coadministrated  with  the 
therapeutic  protein  or  peptide  to  enhance  their  absorption  process.  The  general  mecha¬ 
nism  by  which  the  absorption  enhancers  act  is  by  facilitating  the  reversible  damage  of  the 
physical  barriers  that  are  present  in  the  intestinal  wall,  which  usually  prevents  the  proteins 
or  peptides  from  crossing  the  intestinal  wall,  thus  providing  a  temporal  path  for  the  pro¬ 
teins  or  peptides  to  cross  the  intestinal  wall  and  be  absorbed  into  the  systemic  circulation 
(Williams  and  Barry,  2004). 

There  are  several  mechanisms  by  which  the  absorption  enhancers  cause  the  temporal 
opening  in  the  barrier  of  the  epithelial  cell  in  the  intestine  to  allow  for  the  absorption  of 
proteins  or  peptides.  These  mechanisms  include  structural  alterations  in  the  cell  mem¬ 
branes  of  the  epithelial  cells,  which  allow  for  enhanced  passive  diffusion  of  proteins  and 


TABLE  16.1  The  Common  Proteases  That  Are  Known  to  Degrade  the  Insulin  Hormone  With  Their 
Protease  Class  and  Known  Inhibitors 


Protease 

Class 

Inhibitors 

Trypsin 

Alpha-chymotrypsin 

Insulin-degrading  enzyme 

Serine  protease 

Serine  protease 

Metalloprotease 

Aprotinin,  soybean  trypsin  inhibitor,  camostat  mesylate 

Aprotinin,  soybean  trypsin  inhibitor,  camostat  mesylate 

Hydroxamic  acid 
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peptides  through  the  cells  (i.e.,  transcellular  pathway).  Another  mechanism  by  which 
absorption  enhancers  act  is  by  facilitating  the  opening  of  the  tight  junctions  between  the 
epithelial  cells.  This  allows  the  proteins  and  peptides  to  diffuse  through  the  intercellular 
space  that  is  present  between  the  epithelial  cells  (i.e.,  paracellular  pathway).  The  absorp¬ 
tion  of  therapeutic  proteins  and  peptides  by  the  transcellular  and  paracellular  pathways  is 
depicted  in  Fig.  16.7.  Other  mechanisms  involve  the  reduction  of  the  viscosity  of  the 
mucus  in  the  intestinal  wall,  which  improves  the  diffusion  of  proteins  and  peptides  across 
the  barrier  of  the  epithelial  cell  (Hamman  and  Steenekamp,  2011). 

There  are  various  classes  of  absorption  enhancers  that  differ  in  their  molecular  structure 
and  mechanism  of  action.  For  example,  chelating  agents,  such  as  an  ethylene  diamine 
tetra-acetic  acid  (EDTA),  act  by  forming  complexes  with  the  calcium  ions  present  between 
the  epithelial  cells.  These  calcium  ions  play  a  role  in  maintaining  the  integrity  of  the  tight 
junctions  between  the  cells.  Therefore,  when  the  chelating  agents  form  complexes  with  the 
calcium  ions,  the  tight  junctions  between  the  cells  will  be  opened  allowing  the  proteins 
and  peptides  to  cross  through  the  intercellular  space  (choroona).  On  the  other  hand,  the 
surfactants  act  as  absorption  enhancers  by  disrupting  the  intestinal  membrane  and  giving 
the  proteins  and  peptides  a  transcellular  pathway  in  which  they  can  cross  through  the 
cells.  Examples  of  surfactants  that  can  be  used  as  absorption  enhancers  are  sodium  lauryl 
sulfate  (SLS)  polysorbate  and  Tween  80  (Choonara  et  al.,  2014).  Other  classes  include  bile 
salts,  fatty  acids,  and  polymeric  substances  such  as  chitosan  (Hamman  and  Steenekamp, 
2011). 
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FIGURE  16.7  The  absorption  of  therapeutic  proteins 
and  peptides  by  (A)  transcellular  and  (B)  paracellular 
pathways. 
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The  toxic  effects  of  absorption  enhancers  should  be  thoroughly  taken  into  consideration 
since  these  agents  are  potentially  toxic  because  of  the  nature  of  their  mechanism  of  action 
which  involves  disruption  of  the  intestinal  membrane  integrity.  Severe  damaging  of  the 
intestinal  membrane  can  lead  to  inflammatory  conditions  and  ulceration  of  the  epithelium. 
The  damage  of  the  intestinal  membrane  can  cause  proteins  or  peptides  other  than  the 
administrated  therapeutic  protein  or  peptide  or  other  intestinal  content  to  be  absorbed, 
which  can  be  problematic.  Also,  pathogens  such  as  bacteria  or  viruses  in  the  intestine  may 
also  get  absorbed  into  the  systemic  circulation,  which  can  lead  to  the  development  of  vari¬ 
ous  pathological  conditions.  Therefore,  in  spite  of  the  potential  of  the  absorption  enhan¬ 
cers,  toxicological  aspects  are  required  to  be  completely  evaluated  on  the  long-term  use  of 
these  agents  (Sood  and  Panchagnula,  2001;  Renukuntla  et  al.,  2013). 


16*6*4  GIT  Site-Specific  Delivery 

The  different  regions  of  GIT  show  variability  in  regards  to  several  factors  that  are 
involved  with  the  absorption  process  of  protein  and  peptide  molecules.  This  variability 
includes  different  pH  values  at  different  sites  of  the  GIT  and  different  distribution  levels 
of  proteolytic  enzymes  along  the  GIT.  The  pH  values  can  affect  both  the  solubility  of  the 
administrated  peptide  or  protein  molecule  as  well  as  their  stability,  while  the  proteolytic 
enzyme  activity  is  responsible  for  the  degradation  rate  of  the  administrated  peptide  or 
protein  molecule.  In  addition,  there  is  variability  in  the  distribution  of  active  transporters 
that  can  be  involved  in  transporting  peptide  molecules  as  well  as  in  the  efflux  transporters 
that  can  lower  the  absorption  rate  of  peptides  along  the  GIT  (Lee,  2002;  Kompella  and  Lee, 
2001).  This  difference  in  factors  suggests  that  the  absorption  rate  of  peptides  and  proteins 
is  different  in  the  GIT  depending  on  the  site  at  which  the  absorption  takes  place. 
Therefore,  the  absorption  rates  at  different  sites  of  the  GIT  have  been  studied  and  many 
attempts  have  been  carried  out  to  identify  the  optimum  absorption  site  in  the  GIT  for  pep¬ 
tides  and  protein  molecules  (Balakumar  et  al.,  2018). 

The  colon  region  of  the  GIT  has  been  identified  as  one  of  the  optimum  sites  for  the 
absorption  of  peptide  molecules.  This  is  mainly  because  of  the  reduced  protease  activity  in 
the  colon  site  in  comparison  with  other  sites  in  the  GIT  such  as  the  stomach  and  the  small 
intestine.  This  suggests  that  controlling  the  delivery  of  peptide  molecules  to  the  colon 
should  increase  their  rate  of  absorption.  There  are  several  strategies  that  can  be  employed 
to  ensure  the  delivery  of  the  therapeutic  peptide  molecule  intact  to  the  colon,  which  is  an 
optimum  site  for  absorption.  One  approach  is  to  design  a  prodrug  of  the  therapeutic  pep¬ 
tide  molecule  (Zheng  et  al.,  1999).  The  prodrug  designed  should  have  adequate  stability  in 
the  other  regions  of  the  GIT  while  it  should  be  converted  to  the  parent  therapeutic  peptide 
molecule  in  the  colon.  This  can  be  achieved  by  taking  advantage  of  the  microflora  that  is 
present  in  the  colon,  which  produces  reductive  enzymes  that  can  reduce  the  prodrug  to 
the  parent  therapeutic  peptide  molecule.  Therefore,  the  prodrug  should  be  designed  by 
linking  the  therapeutic  peptide  molecule  through  a  bond  that  can  be  cleaved  by  the  micro¬ 
flora  reductive  enzymes  such  as  azo  bonds.  The  enzymes  of  the  microflora  can  also  be  uti¬ 
lized  by  designing  polymeric  carriers  in  such  a  way  that  can  be  degraded  by  these 
enzymes;  therefore,  the  polymeric  carriers  will  protect  the  therapeutic  peptide  molecule 
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along  the  GIT  and  will  release  it  at  the  colon  site  allowing  improved  rate  of  absorption 

(Roldo  et  al.,  2007). 

Another  strategy  is  to  design  pH-sensitive  delivery  systems  that  depend  on  the  pH  of 
the  surrounding  media  for  the  release  of  the  loaded  molecules.  Although  these  systems 
can  be  utilized  in  delivering  the  therapeutic  peptide  molecules  to  the  colon,  they  can  be 
affected  by  the  presence  of  food  in  the  GIT.  Also,  a  pathological  condition  in  the  GIT  that 
can  cause  changes  in  the  pH  values  in  the  GIT  will  affect  the  integrity  of  these  systems. 
Therefore,  approaches  utilizing  the  enzymes-controlled  release  of  the  therapeutic  peptide 
molecules  are  more  promising  in  this  regard  (Hamman  and  Steenekamp,  2011). 


16*6*5  Membrane  Transporters 

The  epithelium  cells  in  mammals  express  various  types  of  amino  acid  and  oligopeptides 
membrane  transporter  proteins  that  normally  transport  various  amino  acids  and  oligopep¬ 
tides  found  in  the  administrated  nutrients  to  facilitate  their  absorption.  These  transporters, 
however,  can  be  very  useful  in  the  design  of  oral  drug  delivery  systems.  By  designing  bio¬ 
active  molecules  that  have  a  structural  resemblance  to  the  natural  substrates  of  the  mem¬ 
brane's  transporters  or  by  attaching  a  natural  substrate  of  a  membrane  transporter  to  the 
structure  of  the  bioactive  molecule,  the  membrane  transporter  protein  will  transport  the 
bioactive  molecule  across  the  epithelium  to  the  systemic  circulation  (Mandava  et  al.,  2010). 

Among  the  peptide-membrane  transporter  proteins  that  have  been  identified  in  mam¬ 
mals  is  the  PepTl  membrane  transporter  protein,  which  is  of  high  importance  for  the  oral 
delivery  of  drug  molecules.  This  peptide  transporter  has  been  shown  to  be  involved  in  the 
transport  of  peptidomimetic  drugs  such  as  the  antiviral  drug  acyclovir,  which  bears  a 
structural  resemblance  to  dipeptides.  The  PepTl  membrane  transporter  can  transport 
dipeptides  and  tripeptides  with  a  wide  spectrum  of  substrate  specificity,  but  it  was  dem¬ 
onstrated  that  it  is  also  capable  of  transporting  peptidomimetic  molecules  as  in  the  case 
with  acyclovir.  The  PepTl  is  a  proton-coupled  transporter  and  is  energy-dependent 
transporter  protein.  Another  related  peptide-membrane  transporter  protein  is  the  PepT2 
membrane  transporter,  which  is  mainly  located  in  the  epithelium  of  renal  tubules.  The 
main  differences  in  between  the  two  transporters  are  related  to  the  affinity  and  specificity 
of  the  substrates  and  in  their  transportation  capacity  (Majumdar  et  al.,  2004;  Steffensen 
et  al.,  2004). 

One  strategy  for  utilizing  the  PepTl  transporter  for  the  transportation  of  drug  molecules 
across  the  epithelium  cells  in  the  intestine  is  to  link  the  drug  molecule  to  a  peptide  that  is 
known  to  be  a  substrate  of  the  PepTl  transporter.  And  by  this  linkage,  the  transporter  will 
recognize  the  attached  peptide  and  bind  to  it;  subsequently,  the  whole  molecule  will  be 
transported  across  the  epithelium.  This  process  is  depicted  in  Fig.  16.8.  It  is  important  that 
the  peptide  linked  should  be  enzymatically  stable  in  the  GIT,  as  otherwise,  hydrolysis  of 
the  peptide  prior  to  reaching  the  transporter  will  cause  the  transporter  to  be  unable  to 
recognize  the  peptide  and  hence  no  transportation  will  occur  (Friedrichsen  et  al.,  2001; 
Rubio- Aliaga  and  Daniel,  2002). 

In  general,  only  molecules  with  relatively  small  sizes  can  be  transported  using  mem¬ 
brane  transporter  proteins.  While  on  the  other  hand,  molecules  with  relatively  larger  sizes 
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FIGURE  16.8  The  use  of  peptide  transporter  to  transport  a  peptide  linked  drug  across  the  cellular  membrane. 

are  usually  transported  by  receptor-mediated  endocytosis,  a  process  that  involves  binding 
of  the  large  molecule  to  a  specific  membrane  receptor  and  then  the  whole  complex  formed 
is  up  taken  to  the  inside  the  cell.  The  fate  of  the  molecules  internalized  by  receptor- 
mediated  endocytosis  can  be  different.  Although  the  internalized  molecules  can  be 
subjected  to  degradation  by  lysosomes,  there  are  substances  that  are  kept  intact  following 
internalization  and  instead  exit  the  cell  by  exocytosis  in  the  basolateral  membrane,  thus, 
they  are  transported  intact  to  the  systemic  circulation.  This  type  of  receptor-mediated 
endocytosis  is  termed  transcytosis,  which  is  of  great  importance  for  the  absorption  and 
delivery  of  protein  and  peptide  molecules.  Among  the  substances  that  are  known  to  be 
absorbed  by  the  receptor-mediated  endocytosis  process  are  the  epidermal  growth  factor, 
vitamin  B12,  and  immunoglobulins  (Daugherty  and  Mrsny,  1999).  It  has  been  demon¬ 
strated  that  by  covalently  attaching  vitamin  B12  to  the  structure  of  a  therapeutic  protein  or 
peptide  molecule  such  as  erythropoietin  and  alpha-interferon,  the  bioavailability  increased 
because  of  the  receptor-mediated  endocytosis  of  the  therapeutic  protein  or  peptide  that  is 
attached  with  the  vitamin  B12  (Russell-Jones,  1996). 


16*6*6  Nanoparticles-Based  Delivery  Systems 

Nanoparticles  can  be  defined  as  macromolecular  solid  substances  that  have  range  in  the 
nanoscale.  Nanoparticles  can  be  used  as  delivery  systems  for  therapeutic  molecules,  which 
can  be  achieved  by  different  methods  such  as  dissolving  the  therapeutic  molecules  into 
the  nanoparticle  carriers,  encapsulation  inside  the  nanoparticles,  or  by  absorbance  of  the 
therapeutic  molecules  onto  the  surface  of  the  nanoparticles  (Yun  et  al.,  2013). 

Nanoparticle  carriers  can  be  used  to  enhance  the  bioavailability  of  therapeutic  proteins 
and  peptides  that  are  taken  by  the  oral  route,  however,  nanoparticle  carriers  can  be  also 
employed  in  formulations  intended  for  administration  by  other  routes  such  as  intravenous, 
subcutaneous,  and  transdermal  routes.  The  main  advantages  that  the  nanoparticles-based 
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delivery  systems  provide  are  the  protection  of  the  therapeutic  proteins  or  peptides  mole¬ 
cules  from  the  enzymatic  degradation  and  the  harsh  environment  of  the  GIT.  Also,  the 
therapeutic  proteins  and  peptides  can  be  transported  inside  the  nanoparticle  carriers  to 
the  bloodstream,  thus  enhancing  the  absorption  of  these  molecules.  Additionally,  nanopar¬ 
ticles  can  be  used  to  specifically  deliver  the  therapeutic  agents  they  carry  to  the  desired 
site,  such  as  tumor  cells  or  inflammation  sites,  which  greatly  enhances  the  selectivity  and 
reduces  the  undesirable  side  effects  of  these  therapeutic  agents  (Tan  et  al.,  2010;  Su  et  al., 
2012). 

The  uptake  of  nanoparticles  by  cells  is  usually  via  endocytosis,  which  includes  phagocy¬ 
tosis,  receptor-mediated  phagocytosis,  and  pinocytosis.  Generally,  the  endocytosis  process 
of  nanoparticles  begins  with  the  association  of  nanoparticles  with  the  cell  membrane  form¬ 
ing  an  endosome;  after  the  internalization  of  the  endosome  and  subsequent  degradation  of 
the  nanoparticles  in  the  lysosome,  the  therapeutic  molecules  are  released  inside  the  cyto¬ 
plasm  of  the  cell  (Faraji  and  Wipf,  2009). 

Following  the  absorption  or  the  delivery  to  the  site  of  action  of  the  nanoparticles  that 
contain  the  therapeutic  molecules,  a  release  process  of  the  therapeutic  molecules  from  the 
nanoparticles  should  be  initiated,  since  only  the  free  form  of  the  therapeutic  molecules  can 
exert  pharmacological  effects.  The  release  process  depends  mainly  on  different  factors 
such  as  the  solubility  of  the  therapeutic  molecule  at  a  specific  pH,  the  polymer  swelling, 
and  the  composition  of  the  nanoparticles.  For  example,  the  different  pH  ranges  across  the 
GIT  can  be  advantageous  in  the  design  of  nanoparticles  that  can  deliver  therapeutic  pro¬ 
teins  or  peptides  to  a  specific  area  in  the  GIT  (Renukuntla  et  al.,  2013). 


16.6.6.1  Solid  Lipid  Nanoparticles 

Solid  lipid  nanoparticles  (SLNs)  are  a  class  of  nanoparticles  that  have  been  widely 
investigated  for  the  delivery  of  protein  molecules.  This  class  offers  greater  stability  for  the 
loaded  protein  molecules  during  the  formulation  phase.  Fig.  16.9  illustrates  the  structure 
of  SLNs.  The  higher  hydrophobicity  of  the  surface  area  of  this  class  of  nanoparticles 
improves  the  uptake  process  by  the  intestinal  epithelial  cells  in  comparison  with  other 
classes  that  have  a  relatively  lower  hydrophobic  surface  area  (Yuan  et  al.,  2009;  Fonte 
et  al.,  2012).  For  example,  in  one  study,  the  administration  of  SLNs  loaded  with  insulin 
hormone  to  a  diabetic  rat  model  resulted  in  hypoglycemic  effect  over  24-h  period  with 
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FIGURE  16.9  General  representation 
of  solid  lipid  nanoparticle. 
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enhanced  insulin  bioavailability.  The  release  process  of  the  therapeutic  proteins  and 
peptides  loaded  to  SLNs  is  affected  by  a  range  of  factors  such  as  the  characteristics  of  the 
loaded  molecules,  the  components  of  the  lipid  matrix  of  the  used  SLNs,  and  the  particle 
size  (Dwivedi  et  al.,  2013;  Tekade  et  al.,  2017;  Sarmento  et  al.,  2007). 

16.6.6.2  Chitosan-Based  Nanoparticles 

Another  class  of  nanoparticles  that  is  of  interest  to  the  development  of  protein  and 
peptide  delivery  systems  is  the  chitosan-based  nanoparticles.  Chitosan  is  a  natural 
polysaccharide  of  glucosamine  and  N-acetyl  glucosamine.  The  general  structure  of  the 
chitosan  polymer  is  shown  in  Fig.  16.10.  The  chitosan  polymer  and  its  derivatives  have 
attractive  properties  for  being  used  in  protein  and  peptide  delivery  systems.  The  chitosan 
shows  high  biocompatibility  and  low  immunogenicity,  which  are  essential  properties 
required  for  therapeutic  molecules  delivery  systems.  Also,  chitosan  is  a  biodegradable 
polymer  and  is  highly  abundant  naturally.  All  these  characteristics  make  chitosan  an 
attractive  substance  for  use  in  pharmaceutical  applications  (Agnihotri  et  al.,  2004).  In  an 
acidic  environment,  chitosan  exists  in  a  protonated  form;  this  form  was  shown  enhance 
the  absorption  properties  of  chitosan,  because  of  the  ability  of  the  positively  charged 
amino  group  to  interact  with  the  cellular  membranes  and  causing  structural  modifications 
that  open  the  tight  junctions  and  allow  the  penetration  of  proteins  and  peptides  across  the 
membranes.  Because  of  this  property,  chitosan  has  been  employed  as  an  absorption 
enhancer  in  therapeutic  proteins  and  peptides  formulations  (Dua  et  al.,  2017a,b; 
Maheshwari  et  al.,  2015).  However,  since  only  the  protonated  form  of  chitosan  possesses 
this  property,  only  in  acidic  environments  where  the  protonated  form  of  chitosan  predo¬ 
minates,  the  chitosan  exhibits  the  absorption  enhancing  ability,  while  in  neutral  and  basic 
environments,  the  chitosan  loses  this  property.  This  means  that  in  a  physiological  environ¬ 
ment  that  is  neutral,  the  chitosan  cannot  act  as  an  absorption  enhancer  (Amidi  et  al.,  2010; 
Kotze  et  al.,  1999).  On  the  other  hand,  quaternary  derivatives  of  chitosan  such  as 
N-trimethyl  chitosan  (TMC)  possess  the  absorption  enhancing  property  over  a  wide  range 
of  pH  including  the  physiological  pH.  Nanoparticles  based  on  TMC  loaded  with  insulin 
have  been  investigated  that  showed  enhanced  bioavailability  of  the  insulin,  the  TMC  was 
shown  to  enhance  the  therapeutic  molecules  transport  via  both  the  transcellular  and  para- 
cellular  pathways  (Van  der  Merwe  et  al.,  2004). 

16.6.6.3  Inorganic  Nanoparticles 

Another  class  of  nanoparticles  that  have  been  investigated  is  the  inorganic  nanoparticles 
based  protein  and  peptide  delivery  systems.  This  class  of  nanoparticles  is  increasingly 


FIGURE  16.10  The  general  structure  of 
the  chitosan  polymer. 
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receiving  attention  in  the  development  of  protein  carriers  because  of  their  various  attrac¬ 
tive  properties.  Therapeutic  biomolecules  such  as  proteins  or  vaccines  can  be  encapsulated 
inside  the  inorganic  nanoparticles,  which  provide  a  protection  against  denaturation  of  the 
proteins  thus  preserving  the  structure  intact  for  high  biological  activity.  In  addition,  the 
inorganic  nanoparticles  keep  the  therapeutic  molecules  intact  from  the  possible  enzymatic 
hydrolysis  and  other  possible  degradation  factors  in  the  harsh  environment  of  the  GIT. 
Another  advantage  of  the  inorganic  nanoparticles  is  their  ability  to  improve  the  shelf  life 
of  the  incorporated  therapeutic  molecule  (Chin  et  al.,  2012).  An  example  of  an  inorganic 
nanoparticles-based  delivery  systems  used  in  oral  protein  delivery  is  the  calcium  phosphate 
(CaP)  nanoparticle,  which  has  been  used  in  the  preparation  of  an  insulin  hormone  oral  for¬ 
mulation.  The  formulation  consists  of  PEG-Insulin  and  casein  in  addition  to  the  CaP  inor¬ 
ganic  nanoparticles.  The  formulation  was  shown  to  have  an  increased  half-life  of  insulin. 
Additionally,  the  administration  of  this  formulation  to  a  diabetic  mouse  resulted  in  some 
high  hypoglycemic  effects  during  the  first  hour  of  administration  (Morfol  et  al.,  2004). 


16.6.7  Mucoadhesive  Systems 

Mucoadhesive  systems  have  been  widely  investigated  in  the  last  decade  as  oral  drug 
delivery  systems.  The  general  concept  of  mucoadhesive  drug  delivery  systems  is  to  use 
the  bioadhesion  phenomenon  in  which  certain  components  of  the  systems  (usual  poly¬ 
mers)  form  adhesion  bonds  with  the  mucosal  membrane  at  the  site  of  absorption.  This 
adhesion  can  result  in  a  high  concentration  gradient  of  the  therapeutic  molecule  in  the  sys¬ 
tem,  which  in  turn  increases  the  absorption  of  the  therapeutic  molecules.  The  adhesion  of 
the  polymers  in  the  delivery  system  to  the  mucosal  membranes  also  results  in  decrease  in 
the  removal  of  the  therapeutic  molecule  at  the  site  of  absorption,  thus  increasing  the  resi¬ 
dence  time  of  the  therapeutic  molecules  at  the  site  of  absorption,  which  further  increases 
the  absorption  and  hence  the  bioavailability  of  the  therapeutic  agent  (Rahamatullah 
Shaikh  et  al.,  2011).  Mucoadhesive  systems  can  be  also  utilized  to  design  controlled  release 
dosage  forms  of  the  therapeutic  agents,  which  is  beneficial  in  reducing  the  frequency  of 
dose  administration  and  improving  the  patient  compliance. 

The  choice  of  the  polymer  used  in  mucoadhesive  systems  is  critical  for  achieving  the 
desired  properties  of  the  systems.  The  general  desired  characteristics  of  the  polymer  in  a 
mucoadhesive  protein  or  peptide  delivery  system  include  proper  hydrophilicity  of  the 
polymer  to  interact  properly  with  the  high  amounts  of  water  present  in  the  mucus  layer,  a 
high  molecular  weight  to  increase  the  possibility  of  interactions,  and  proper  surface  ten¬ 
sion  to  allow  spreading  of  the  polymer  onto  the  mucosal  layer.  The  preferred  functional 
groups  to  be  present  in  the  polymer  should  consist  of  groups  that  are  capable  of  forming 
strong  hydrogen  bonds  such  as  carboxyl  and  hydroxyl  groups.  The  polymer  should  also 
be  devoid  of  toxic  effects,  irritation,  and  immunogenicity.  The  abundance  of  the  polymer 
and  its  costs  should  also  be  considered,  as  the  costs  of  the  polymer  should  be 
acceptable  (Renukuntla  et  al.,  2013). 

Although  the  main  role  of  the  polymers  in  mucoadhesive  drug  delivery  systems  is  to 
form  adhesive  bonds  with  the  mucous  membranes  to  enhance  the  bioavailability  of  the 
therapeutic  protein  or  peptide  in  the  systems,  certain  polymers  were  shown  to  have 
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additional  properties  that  further  contribute  to  the  enhancement  of  the  bioavailability  such 
as  acting  as  absorption  enhancer  by  modifying  tight  junctions  between  epithelial  cells  and 
inhibiting  proteases  enzymes  that  hydrolyze  proteins  and  peptides  (Lehr,  1996). 

Examples  of  polymers  used  in  mucoadhesive  drug  delivery  systems  are  the  cellulose 
derivatives  such  as  methylcellulose,  hydroxy  ethyl  cellulose,  and  carboxymethyl  cellulose. 
Other  commonly  used  polymers  are  the  polyacrylic  acid  derivatives  such  as  carbapol  and 
polyacrylate.  Thiomers  are  another  class  of  polymers  that  contain  thiol  groups;  this  class 
was  shown  to  possess  strong  adhesive  binding  with  the  mucus  layer.  This  strong  binding 
of  thiomers  was  attributed  to  the  covalent  bonds  that  are  formed  additionally  to  the  non- 
covalent  interactions.  The  thiol  groups  in  the  thiomers  are  found  to  react  with  the  thiol 
groups  of  cysteine  residues  that  are  abundantly  present  in  the  glycoproteins  of  the  mucus 
to  form  the  covalent  disulfide  bonds,  which  in  turn  increases  the  strength  of  binding 
between  the  thiomers  and  the  mucus.  It  was  also  confirmed  by  a  study  conducted  on  the 
mucoadhesive  properties  that  increase  in  the  number  of  thiol  groups  present  resulted  in 
an  increased  strength  of  adhesive  binding  (Shaji  and  Patole,  2008). 


16*6*8  Liposomes 

Liposomes  can  be  defined  as  spherically  shaped  microscopic  vesicles  that  consist  of  one 
or  more  phospholipid  bilayer  membranes.  The  general  structure  of  liposomes  is  shown  in 
Fig.  16.11.  The  inner  core  of  liposomes  consists  of  hydrophilic  parts  of  the  phospholipids, 
where  hydrophilic  molecules  can  be  incorporated.  On  the  other  hand,  lipophilic  molecules 
tend  to  remain  in  the  lipid  portion  of  the  phospholipids  bilayer.  There  are  many  types  of 
liposomes  that  have  been  prepared;  the  difference  between  each  type  is  mainly  related  to 
the  lipid  composition  of  the  liposome  structure,  the  size,  and  dimensions  of  the  vesicle 
and  the  charge  on  the  surface  of  the  liposome  (Li  et  al.,  2010;  Mody  et  al.,  2014). 
Liposomes-based  delivery  systems  have  been  investigated  for  their  application  as  oral 
drug  delivery  systems  as  well  as  for  the  oral  delivery  of  therapeutic  proteins  and  peptides, 
mainly  for  the  oral  delivery  of  the  insulin  hormone.  The  advantages  of  the  liposomes  in 
the  oral  delivery  of  the  insulin  hormone  are  mainly  the  protection  from  enzymatic  hydro¬ 
lysis  by  the  enzymes  present  in  the  GIT  and  to  enhance  the  absorption  of  the  insulin  hor¬ 
mone  in  the  small  intestine.  The  protection  of  insulin  by  the  liposomes  is  because  of  the  fact 

FIGURE  16.11  The  general  structure 
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that  the  insulin  is  encapsulated  in  the  interior  part  of  the  liposome  structure,  thus  it  is  inac¬ 
cessible  for  hydrolysis  by  the  proteolytic  enzymes  present  in  the  GIT  (Kreuter,  1991). 

There  have  been  various  studies  conducted  for  the  design  of  successful  liposomes- 
based  oral  delivery  of  the  insulin  hormone.  It  has  been  demonstrated  that  the  activity  of 
the  insulin-containing  liposomes  depends  on  different  factors  related  to  the  structure  of 
the  liposomes  such  as  the  lipid  components  of  the  liposomes  and  the  charge  on  the  surface 
of  the  liposomes  (Wu  et  al.,  2004). 

The  in  vivo  stability  of  the  liposomes  is  considered  to  be  an  issue  with  their  application 
as  oral  delivery  systems  because  the  bile  salts  in  the  GIT  can  solvate  the  liposomes  result¬ 
ing  in  their  rupture  and  release  of  the  encapsulated  therapeutic  molecules  in  the  GIT. 
Several  strategies  can  be  employed  to  enhance  the  in  vivo  stability  of  liposomes  such  as 
coating  them  with  a  suitable  polymer  or  the  use  of  dehydrated  forms  of  liposomes  (Jain 
etal.,  2013). 


1 6*6.9  Microspheres 

Microspheres  based  oral  delivery  systems  have  received  a  lot  of  attention  for  the  oral 
delivery  of  therapeutic  proteins  and  peptides  (Wang  et  al.,  2006).  Microspheres  can  be  pre¬ 
pared  from  synthetic  or  natural  polymers  such  as  the  polysaccharide  chitosan  by  various 
methods  such  as  double  emulsification,  spray  drying,  and  complexation  of  macromole¬ 
cules  that  have  opposite  charges.  Microspheric  particles  have  a  size  range  of  1—1000  pm. 
The  advantages  that  the  microspheres  based  protein  and  peptide  delivery  systems  offer 
include  the  protection  of  the  proteins  and  peptides  from  the  harsh  environment  of  the  GIT 
such  as  enzymatic  hydrolysis  and  acidic  pH.  Also,  microspheres  can  enhance  the  absorp¬ 
tion  of  the  therapeutic  protein  or  peptide  incorporated  in  the  delivery  system  mainly 
through  the  paracellular  pathway.  Another  advantage  of  the  microspheres  based  delivery 
system  is  the  possibility  for  controlling  the  release  of  the  incorporated  therapeutic  protein 
or  peptide  at  specific  areas  in  the  GIT  by  using  pH-sensitive  polymers  (Jain  et  al.,  2013). 

In  one  study,  the  ability  of  microsphere  delivery  systems  to  orally  deliver  the  insulin 
hormone  was  tested  on  diabetic  rat  models  in  addition  to  healthy  rat  models.  The  insulin 
was  loaded  into  the  microspheres  of  the  polymer  poly  (methacrylic-g-ethylene  glycol).  The 
results  demonstrated  that  in  the  acidic  environment  of  the  stomach,  the  microsphere  suc¬ 
cessfully  protected  the  incorporated  insulin  molecules  from  enzymatic  degradation  and  no 
swallowing  of  the  microspheres  occurred.  On  the  other  hand,  in  the  basic  environment  of 
the  intestine,  swallowing  of  the  microspheres  occurred  with  the  subsequent  release  of  the 
incorporated  insulin  molecules  in  the  intestine.  The  hypoglycemic  activity  of  the  adminis¬ 
trated  microsphere  insulin  delivery  systems  was  evaluated,  and  within  2  h  of  administra¬ 
tion,  the  hypoglycemic  effect  was  observed  in  both  the  diabetic  rat  models  as  well  as  the 
healthy  rat  models,  which  were  shown  to  be  dose-dependent  (Lowman  et  al.,  1999). 

The  disadvantages  associated  with  the  use  of  microsphere  delivery  systems  for  the  deliv¬ 
ery  of  therapeutic  proteins  and  peptides  are  mainly  related  to  the  stability  of  the  incorpo¬ 
rated  proteins  and  peptides  because  denaturation  of  proteins  can  occur  leading  to  loss  of 
biological  activity.  Other  possible  instability  problems  include  oxidation,  aggregation,  and 
bonds  cleavages  in  the  structure  leading  to  structural  changes  in  the  proteins  or  peptides 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


16.7  NOVEL  APPROACHES 


677 


and  hence  loss  of  biological  activity.  Structurally  distorted  proteins  may  also  result  in  the 
initiation  of  immunogenic  responses  upon  administration  because  they  can  be  immuno¬ 
genic.  Also,  the  low  loading  capacity  of  microspheres  for  proteins  can  be  a  limiting  factor 
for  their  usefulness  and  protein  oral  delivery  systems  (Shantha  Kumar  et  al.,  2006). 


16*7  NOVEL  APPROACHES 


There  are  various  novel  protein  and  peptide  delivery  systems  being  developed  for  the 
purpose  of  providing  improved  delivery  of  therapeutic  proteins  and  peptides.  These  deliv¬ 
ery  systems  utilize  various  methods  and  technologies  that  are  promising  and  of  great 
potential  in  the  field  of  proteins  and  peptides  delivery.  In  the  following  sections,  several 
novel  approaches  will  be  briefly  discussed. 


16*7*1  Hydrogels 

Hydrogels  can  be  defined  as  3D  networks  made  of  polymeric  chains  that  are  hydro¬ 
philic  in  nature.  The  polymers  can  be  of  natural  or  synthetic  origin  and  contain  a  high 
amount  of  water.  Hydrogels  with  natural  polymers  are  generally  less  suitable  for  proteins 
and  peptides  delivery.  Although  these  hydrogels  show  good  biocompatibility,  they  have 
improper  mechanical  strengths  for  this  application  as  well  as  they  may  cause  autoimmune 
responses.  On  the  other  hand,  hydrogels  with  synthetic  polymers  can  be  properly 
designed  to  avoid  these  problems  and  to  be  more  suitable  for  proteins  and  peptides  deliv¬ 
ery.  Hydrogels  have  been  shown  to  have  the  ability  to  control  the  release  of  the  loaded 
proteins  or  peptides  in  response  to  the  pH  of  the  surrounding  media  as  well  as  to  enhance 
the  transportation  process  of  the  loaded  proteins  or  peptides  (Ichikawa  and  Peppas,  2003; 
Peppas  et  al.,  2000).  For  example,  in  a  recent  study  on  the  delivery  of  the  insulin  hormone 
by  using  hydrogels,  it  was  possible  to  control  the  release  of  the  insulin  that  was  encapsu¬ 
lated  in  the  hydrogels  selectively  in  the  intestine.  This  was  achieved  by  utilizing  the  differ¬ 
ence  of  the  pH  in  the  different  parts  in  the  GIT.  Further,  the  hydrogels  showed  the  rapid 
release  of  the  encapsulated  insulin  once  in  the  intestine.  Additionally,  the  encapsulation 
process  of  the  insulin  inside  the  hydrogels  was  highly  efficient.  These  properties  of  hydro¬ 
gels  make  them  promising  delivery  systems  for  therapeutic  proteins  and  peptides  (Kamei 
et  al.,  2009). 


16*7*2  Injectable  Nanocomposite  Cryogels 

Although  hydrogels  are  promising  protein  and  peptide  delivery  systems  that  are  being 
widely  investigated,  they  still  have  issues  related  to  the  rapid  release  of  the  loaded  protein 
or  peptide  molecules.  The  rapid  release  can  cause  the  short  duration  of  action,  which  is 
not  optimal  for  many  therapies.  Denaturation  of  the  loaded  protein  can  also  be  an  issue  of 
hydrogels  protein  delivery  systems.  Recently,  injectable  nanocomposite  hydrogels  have 
been  developed  that  overcome  many  of  the  issues  associated  with  hydrogels.  The  kinetics 
of  the  release  of  the  loaded  therapeutic  protein  or  peptide  molecules  can  be  controlled  by 
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adjusting  the  components  of  the  systems.  This  newly  developed  delivery  system  can  be 
employed  for  the  design  of  sustained  release  of  various  therapeutic  proteins  and  peptides 

(Koshy  et  al.,  2018). 


16*7 .3  Cell-Penetrating  Peptides 

Cell-penetrating  peptides  (CPPs)  are  a  class  of  peptides  that  were  identified  as  being 
capable  of  transporting  the  molecules  they  are  linked  with  across  cellular  membranes. 
Therefore,  a  promising  approach  for  enhancing  the  permeability  of  therapeutic  proteins 
and  peptides  across  cellular  membranes  is  by  attaching  them  to  a  CPP.  Thus,  the  CPPs 
approach  has  the  potential  of  overcoming  the  problem  of  poor  cellular  membranes  pene¬ 
tration  of  proteins  and  peptides  (Trehin  and  Merkle,  2004).  The  mechanisms  by  which 
CPPs  penetrate  through  the  cell  membrane  can  be  through  endocytosis  or  by  perturbation 
of  the  lipid  bilayer  of  the  cell  membrane.  No  studies  have  indicated  toxic  effects  of  CPPs 
on  the  cell  membrane,  while  minor  disturbances  were  only  found  with  regard  to  the  mem¬ 
brane  structure.  In  one  study,  the  insulin  hormone  was  attached  to  TAT,  which  is  a  CPP, 
and  the  attached  insulin  showed  greater  permeability  across  the  cell  membranes  of  the 
caco-2  cells.  CPPs  are  also  capable  of  enhancing  the  permeability  of  attached  particles. 
However,  more  in  vivo  studies  are  required  for  CPPs  with  regard  to  their  safety  and  effi¬ 
cacy  (Morishita  and  Peppas,  2006). 


16*7  A  Protein  Crystallization 

Crystallization  of  therapeutic  proteins  is  an  approach  that  can  offer  many  advantages  in 
comparison  with  the  traditionally  used  proteins  solution  or  the  amorphous  form  of  the 
proteins.  Crystallization  can  be  used  for  isolation  and  purification  of  proteins,  which  is  a 
method  that  usually  results  in  a  high  purity  of  the  protein  of  interest.  The  proteins  in  the 
crystalline  form  exhibit  significantly  higher  stability  as  compared  with  the  amorphous 
form,  which  is  advantageous  for  therapeutic  proteins  in  pharmaceutical  products,  as  high 
stability  is  required  for  these  proteins  to  maintain  their  biological  effects  (Judge  et  al., 
1998).  There  have  been  several  therapeutic  enzyme  products  prepared  by  this  method;  for 
example,  the  lipase  enzyme,  which  is  used  as  a  therapeutic  enzyme  in  pathological  condi¬ 
tions  related  to  abnormalities  in  the  digestion  of  lipids  such  as  steatorrhea.  A  significant 
limitation  of  this  method  is  that  not  every  protein  can  be  crystallized,  and  in  some  cases, 
the  crystallization  process  may  not  be  efficient  enough.  Nonetheless,  protein  crystallization 
remains  a  promising  approach  for  the  development  of  therapeutic  proteins  delivery  sys¬ 
tems  (Park  et  al.,  2011;  Layer  and  Keller,  2003). 


16*8  CONCLUSION 


Proteins  and  peptides  have  many  important  roles  in  various  biochemical  processes  in 
the  body  and  are  involved  in  various  pathological  conditions.  As  a  result,  the  use  of  pro¬ 
teins  and  peptides  as  therapeutic  agents  to  combat  various  diseases  such  as  cancer  and 
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diabetes  is  an  attractive  approach.  However,  this  is  greatly  limited  by  the  unfavorable 
physicochemical  properties  of  peptides  and  proteins,  which  are  mainly  related  to  their 
large  size,  hydrophilicity,  and  instability  in  the  GIT.  To  overcome  these  problems,  various 
approaches  have  been  investigated  for  the  delivery  of  proteins  and  peptides. 

Chemical  modification  of  the  structure  of  the  protein  or  peptide  can  be  used  to  elimi¬ 
nate  one  or  more  of  the  unfavorable  properties  of  proteins  and  peptides  and  hence  make 
them  more  suitable  for  oral  administration.  PEGylation  is  one  of  the  chemical  modifica¬ 
tions  methods  that  has  proven  to  be  highly  successful  in  improving  the  pharmacokinetic 
properties  of  proteins  and  peptides.  Peptidomimetics  is  another  chemical  modification 
method  that  involves  modifying  the  peptide  structure  to  improve  the  pharmacokinetic 
properties  while  at  the  same  time  retaining  the  particular  amino  acid  part/s  responsible 
for  the  activity. 

The  coadministration  of  absorption  enhancers  can  increase  the  bioavailability  of  the 
therapeutic  proteins  and  peptides  by  promoting  their  absorption  from  the  GIT  through 
the  transcellular  or  paracellular  pathway.  The  use  of  protease  inhibitors  can  protect  the 
administrated  therapeutic  protein  or  peptide  from  the  action  of  the  protease  enzymes  that 
are  present  in  the  GIT,  and  hence  increase  the  bioavailability.  Another  approach  is  to  uti¬ 
lize  the  peptide-membrane  transporter  proteins  that  transport  peptides  across  the  cellular 
membranes.  By  attaching  the  normally  transported  peptide  to  the  therapeutic  molecule, 
the  whole  complex  can  be  absorbed  with  the  help  of  transporter  proteins. 

The  use  of  a  carrier  system  is  another  approach  that  has  been  extensively  studied  for 
the  delivery  of  therapeutic  proteins  and  peptides.  Nanoparticle  carriers  can  offer  many 
advantages  in  the  delivery  of  protein  and  peptides  as  they  can  protect  the  loaded  molecule 
from  the  harsh  environment  of  the  GIT  and  deliver  it  intact  to  the  systemic  circulation. 
Nanoparticle  carriers  include  chitosan-based  nanoparticles,  solid  lipid  nanoparticles,  and 
inorganic  nanoparticles.  Liposomes  and  microspheres  are  other  classes  of  carrier  systems 
that  can  be  used  for  the  delivery  of  proteins  and  peptides. 

There  are  various  novel  approaches  that  are  developed  for  the  delivery  of  proteins  and 
peptides,  which  include  hydrogels,  injectable  nanocomposite  cryogels,  CPPs,  and  protein 
crystallization.  Hydrogels  have  many  attractive  properties  such  as  biocompatibility  and 
the  ability  to  control  the  release  of  the  loaded  molecules.  Studies  have  been  conducted  that 
show  that  they  have  the  potential  for  use  in  the  delivery  of  therapeutic  proteins  and 
peptides.  Injectable  nanocomposite  cryogels  are  another  notable  novel  approach  that  has 
the  advantage  of  the  ability  to  design  sustained  release  delivery  systems  of  proteins  and 
peptides.  CPPs  can  be  attached  to  the  therapeutic  protein  or  peptide  to  transport  it  across 
the  cellular  membranes  and  enhance  permeability.  Protein  crystallization  involves  the  use 
of  proteins  in  crystalline  form  rather  than  amorphous  form.  The  crystalline  form  offers 
many  advantages  such  as  higher  stability  of  the  protein. 

Abbreviations 

CaP  Calcium  phosphate 

CPP  Cell-penetrating  peptide 

EDTA  Ethylene  diamine  tetra-acetic  acid 
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GIT  Gastrointestinal  tract 

HIV  Human  immunodeficiency  virus 

IDE  Insulin-degrading  enzyme 

IM  Intramuscular 

IV  Intravenous 

PEG  Polyethylene  glycol 

SC  Subcutaneous 

SLN  Solid  lipid  nanoparticle 

SLS  Sodium  lauryl  sulfate 
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17.1  INTRODUCTION 


The  use  of  nanoparticles  (NPs)  as  drug  delivery  systems  (DDS)  has  led  to  noticeable 
improvement  in  human  health.  Such  NPs  are  designed  to  specifically  target  the  diseased 
cells  allowing  the  direct  treatment  of  cells,  improved  efficacy  and  decreased  side  effects 
(Jahangirian  et  al.,  2017).  Targeted  drug  delivery  is  the  most  promising  use  of  nanoma¬ 
terials  especially  due  to  their  potential  to  eliminate  the  tumorous  outgrowth  without 
causing  collateral  damage,  which  has  created  major  interest  for  bio-nanomaterials. 
Therefore,  foremost  efforts  were  given  to  design  DDS  of  functionalized  NPs  (Mirza  and 
Siddiqui,  2014). 

Extensive  studies  were  carried  out  to  investigate  nanocarriers  in  the  past  decades  as 
these  systems  have  shown  promising  results  as  DDS.  Owing  to  their  high  surface  area  to 
volume  ratio,  nanocarriers  are  able  to  influence  the  drug's  basic  properties  and  bioactivity. 
Moreover,  nanocarriers  have  augmented  the  pharmacokinetics,  biodistribution,  solubility, 
and  stability  in  addition  to  the  site-specific  delivery,  and  controlled  release  of  drugs  (Din 
etal.,  2017). 

The  application  of  nanotechnology  in  drug  delivery  has  enhanced  their  development  in 
the  biomedical  field  by  improving  half-lives,  retention,  and  the  efficiency  of  targeting 
thereby  lessening  adverse  effects.  Owing  to  an  increase  in  global  commercialization, 
nanomedicine  research  is  currently  being  translated  into  commercial  aspects  facilitating 
their  availability  in  the  market  (Chowdhury  et  al.,  2017).  Currently,  the  interest  of 
pharmaceutical  industries  is  inclining  towards  nanotechnological  advances  due  to  striking 
changes  in  the  scientific  landscape.  This  has  provided  advantages  on  many  fronts  includ¬ 
ing  customized  release  systems  (Hrkach  et  al.,  2012). 
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17,2  BACKGROUND  OF  THE  NANOTECHNOLOGY 

Nanotechnology  is  the  study,  synthesis,  design,  and  implementation  of  functional 
materials,  devices,  and  systems  by  controlling  materials  within  a  size  range  of  1—1000  nm. 
Nanotechnology  is  referred  to  as  a  multidisciplinary  scientific  field  that  relies  on  the 
application  of  manufacturing  and  engineering  principles  at  the  molecular  level  (Biswas 
et  al.,  2014).  NPs  are  the  crucial  building  blocks  for  nanotechnology.  NPs  are  characterized 
by  various  physical  and  chemical  properties  because  the  valence  electrons  that  vary  in  size 
are  extensively  delocalized.  Besides,  strong  chemical  bonds  typically  exist  and  structural 
modifications  are  usually  occurring  in  NPs.  Examples  of  the  physical  and  chemical 
properties  that  might  be  affected  include  melting  point,  specific  heat,  magnetic  properties, 
optical  properties,  and  surface  reactivity  (Mir  et  al.,  2017). 

The  application  of  nanotechnology  in  drug  delivery  involves  dealing  with  materials 
of  nanosized  particles  that  show  certain  size-dependent  characteristics  in  terms  of 
biology  and  biomedicine.  Therefore,  this  technology  will  facilitate  the  intracellular  delivery 
and  subcellular  targeting  of  drugs.  Additionally,  drugs  may  be  able  to  overcome  the 
physiological  and  anatomical  barriers  of  the  body  and  hence  access  to  inaccessible  sites  of 
the  body  (Banerjee,  2018).  Using  nanotechnology  in  several  biomedical  applications  such 
as  for  drug  delivery  has  shown  increasing  interest  owing  to  the  ability  of  these  systems  to 
alter  the  pharmacokinetics  of  drugs  (Kumar  et  al.,  2015).  Nanoparticles  used  for  various 
biomedical  applications  are  presented  in  Fig.  17.1  (Ryan  and  Brayden,  2014). 
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FIGURE  17.1  Biomedical  applications 
of  nanoparticles.  Source:  Reprinted  with 
permission  from  Ryan ,  S.,  Brayden,  D.,  2014. 
Progress  in  the  delivery  of  nanoparticle  con¬ 
structs:  towards  clinical  translation.  Curr. 
Opin.  Pharmacol.  18,120—128. 
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Nanostructures  can  be  classified  into  polymeric  and  nonpolymeric  structures  including 
micelles,  NPs  dendrimers,  metallic  NPs,  drug  conjugates,  and  quantum  dots,  which  will 
be  discussed  in  further  sections  of  this  chapter  (Mir  et  al.,  2017). 


17*2*1  Nanocarriers:  Characteristics  and  Applications 

A  nanocarrier  is  a  colloidal  system  used  for  drug  delivery  and  usually  has  a  particle 
size  of  <1000  nm.  Thorough  investigations  have  been  done  in  the  past  few  decades  to 
study  nanocarriers,  and  it  was  shown  that  nanocarriers  can  serve  as  promising  choices  for 
the  delivery  of  drugs.  There  are  several  unique  properties  presented  by  nanocarriers  since 
they  are  able  to  alter  some  of  the  basic  properties  such  as  the  bioactivity  of  drugs. 
Moreover,  nanocarriers  were  shown  to  improve  the  pharmacokinetics  as  well  as  the  biodis¬ 
tribution  of  drugs  in  addition  to  decreasing  toxicities,  improving  stability  and  solubility, 
controlling  the  release  and  the  site-specific  delivery  of  a  wide  range  of  therapeutic  agents 
(Din  et  al.,  2017).  Various  types  of  NPs  are  illustrated  in  Fig.  17.2  (Scheinberg  et  al.,  2017). 
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FIGURE  17.2  A  schematic  illustration  of  different  types  of  nanocarriers.  Source:  Reprinted  with  permission  from 
Scheinberg ,  D.,  Grimm ,  /.,  Heller ,  D.,  Stater ,  E.,  Bradbury ,  M.,  McDevitt ,  M.,  2017.  Advances  in  the  clinical  translation  of 
nanotechnology.  Curr.  Opin.  Biotechnol.,  46,  66—73. 
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Various  engineered  constructs,  architectures,  assemblies  as  well  as  particulate  systems 
that  have  unique  physicochemical  properties  are  used  as  nanocarriers  for  medical 
purposes.  These  systems  are  frequently  characterized  by  their  small  size.  For  drug  delivery, 
diagnostic  and/ or  therapeutic  agents  are  either  encapsulated  into  nanocarriers  or  covalently 
bonded  or  adsorbed  onto  the  surfaces  of  these  carriers  (Montenegro  et  al.,  2016).  There  are 
various  types  of  nanocarriers  that  can  be  used  for  drug  delivery  and  the  most  common 
examples  include  liposomes  (Table  17.1),  dendrimers  (Table  17.2),  nanoshells  (Table  17.3), 
and  magnetic  NPs  (Table  17.4),  which  were  extensively  investigated  for  the  delivery  of  vari¬ 
ous  chemotherapeutic  agents  (Kumari  et  al.,  2015;  Mudshinge  et  al.,  2011). 


TABLE  17.1  Biomedical  Application  of  Liposomes 


Liposome  Composition 

Drug 

Application 

Hydrogenated  soya,  phosphatidylcholine,  cholesterol, 
anddistearoylphosphatidylglycerol  (DSPG) 

Amphotericin  B 

Aspergillus  fumigatus 

l,2-Dipalmitoyl-sn-glycerol-3-phosphocholine  (DPPC)  and 
cholesterol 

Polymyxin  B 

Pseudomonas  aeruginosa 

Hydrogenated  Soya  phosphatidylcholine  (PC)  and  cholesterol 

Ampillicin 

Micrococcus  luteus  and 
Salmonella  typhimurium 

Dipalmitoyl-phosphatidylcholine, 
dipalmitoyl-phosphatidylglycerol,  and  cholesterol 

Ciprofloxacin 

Salmonella  Dublin 

Dipalmitoyl-phosphatidylcholine  (DPPC),  cholesterol  and 
dimethylammonium  ethane  carbamoyl  cholesterol  (DC-chol) 

Benzylpenicillin 

Staphylococcus  aureus 

Phosphatidylcholine,  cholesterol,  and  phosphatidylinositol 

Netilmicin 

Bacillus  subtilis  and 
Escherichia  coli 

Partially  hydrogenated  egg  phosphatidylcholine  (PHEPC), 
cholesterol  and  l,2-distearyl-glycerol-3-phosphoethanolamine- 
N-(polyethylene  glycol-2000)  (PEGDSPE) 

Gentamicin 

Klebsiella  pneumoniae 

Phosphatidylglycerol,  phosphatidylcholine,  and  cholesterol 

Streptomycin 

Mycobacterium  avium 

Hydrogenated  soy  phosphatidylcholine,  cholesterol,  and 
distearoyl  phosphatidyl  glycerol  (DSPG) 

Amikacin 

Gram-negative  bacteria 

Stearylamine  (SA)  and  dicetyl  phosphate 

Zidovudine 

Human  immunodeficiency 
virus 

Egg  phosphatidylcholine,  diacetylphosphate  and  cholesterol 

Vancomycin  or  teicoplanin 

Methicillin-resistant 
Staphylococcus  aureus 
(MRSA) 

DC-Chol  liposome 

Plasmid  DNA 

Gene  transfer  in 
subcutaneous  tumor 

Liposome 

Daunorubicin  and  doxorubicin 

Breast  cancer 

Liposome 

Anti-GD2  immunoliposomes, 
liposomes  entrapping 
fenretinide  (HPR),  gold- 
containing  liposomes 

Neuroblastoma 

Hepatically  targeted  liposomes 

Insulin 

Diabetes  mellitus 

Reprinted  with  permission  from  Mudshinge,  S.,  Deore,  A.,  Patil,  S.  and  Bhalgat,  C.,  2011.  Nanoparticles:  emerging  carriers  for  drug  delivery. 
Saudi  Pharm.J.,  19(3),  129-141. 
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TABLE  17.2  Biomedical  Application  of  Dendrimers 

Dendrimers  Composition 

Drug 

Application 

PAMAM  dendrimers 

Chelated  gadolinium 

Diagnose  certain  disorders  of  the 
heart,  brain,  and  blood  vessels 

Poly(L-glutamic  acid),  PAMAM 
and  poly(ethyleneimine) 

Folic  acid 

Breast  cancer 

PAMAM  dendrimers 

Antibodies  specific  to  CD14  and  PSMA 

Cell  binding  and  internalization 

PAMAM  dendrimers 

Sulfamethoxazole 

Strep  throat  ( Streptococcus ),  staph 
infection  ( Staphylococcus  aureus), 
and  flu  ( Haemophilus  influenza ) 

PAMAM  dendrimers 

Nadifloxacin,  prulifloxacin. 

Various  bacteria 

PAMAMPPI 

(polypropyleneimine) 

Nystatin  and  Terbinafine 

Antifungal  against  Candida 
albicans,  Aspergillus  niger,  and 
Sachromycescerevisiae 

PAMAM  dendrimers 

Propranolol 

Hypertension 

PAMAM  dendrimers 

Niclosamide 

Tapeworm 

Pegylated  lysine  based 
copolymeric  dendrimer 

Artemether 

Plasmodium  falciparum 

PAMAM  dendrimers  with 
carboxylic  or  hydroxyl  surface 
groups 

Pilocarpine 

Glaucoma 

PAMAM  dendrimers 

Enoxaparin 

Pulmonary  embolism 

PAMAM  dendrimers 

Ketoprofen,  Diflunisal 

Inflammation 

PAMAM  dendrimers 

Indomethacin 

Inflammation 

Polylysine  dendrimer 

VivaGel  (SPL7013  Gel) 

HIV,  HSV,  and  sexually 
transmitted  infections 

PAMAM  Dendrimer 

High-resolution  X-ray  image 

Diagnostic  tool  for  arteriosclerotic 
vasculature,  tumors,  infarcts, 
kidneys  or  efferent  urinary 

PAMAM  Dendrimer 

Gene  transfer  of  cytokine  genes 
(tumor  necrosis  factor,  interleukin-2, 
granulocyte-macrophage-colony- 
stimulating  factor) 

Induce  a  systemic  antitumor 
immune  response  against  residual 
tumor  cells 

PAMAM  dendrimers 

5-Fluorouracil 

Tumor 

PAMAM  dendrimer 

An  isotope  of  boron  (10B) 

Cancer 

Reprinted  with  permission  from  Mudshinge.  S.,  Deore,  A..  Patil,  S.  and  Bhalgat.  C.,  2011.  Nanoparticles:  emerging  carriers  for  drug  delivery. 
Saudi  Pharm.  J.,19(3),  129-141. 
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TABLE  17.3  Biomedical  Application  of  Nanoshells 


Nanoshell  Composition 

Applications 

Silica  coating  of  silver  colloids 

Stability  of  colloids 

Gold  nanoshell 

Detection  of  DNA 

Gold  nanoshell 

Immunoassay  to  detect  analytes 

Nanoshell 

To  detect  cancer  cells 

Nanoshell 

To  detect  tumors 

Silica -silver  core— shell  particles 

To  detect  antibodies 

Silver  nanoshell 

To  detect  microorganisms 

Silver  nanoshells 

Detection  of  toxic  ions  such  as  Cd,  Hg,  and 

Pb  present  in  water 

Gold  nanoshells  particles  conjugated  with  enzymes  and  antibodies  Imaging  of  the  diseases 

embedded  in  the  polymer  like  nisopropylacrylamide  and 

acrylamide 


Reprinted  with  permission  from  Mudshinge,  S.,  Deore ,  A. ,  Patil,  S.  and  Bhalgat,  C.,  2011.  Nanoparticles:  emerging  carriers  for  drug  delivery. 
Saudi  Pharm.  1,19(3),  129-141. 

TABLE  17.4  Biomedical  Application  of  Superparamagnetic  Nanoparticles 


Superparamagnetic  Nanoparticle  Composition 

Applications 

SPIONs  coated  with  organic  molecules  showing  an  overall 
median  diameter  of  less  than  50—160  nm 

MRI  contrast  agents  for  detecting  liver  tumors 

Superparamagnetic  iron  oxide  nanoparticles 

Identify  dangerous  arteriosclerotic  plaques  by 
MRI 

Superparamagnetic  Iron  oxide  nanoparticles  (SPIONs)  coated 
with  polyvinyl  benzyl-O-p-D-galactopyranosyl-D-gluconamide 
(PVLA)  with  galactose  moieties 

Liver-targeting  MRI  contrast  agent 

Superparamagnetic  iron  oxide  nanoparticles  conjugated  to 
luteinizing  hormone-releasing  hormone  (LHRH— SPIONs), 

Enhanced  MRI  contrast  in  breast  cancer 
xenografts  and  metastases  in  the  lungs 

Superparamagnetic  iron  oxide  nanoparticles 

Magnetic  particle  imaging 

Combidex  an  ultrasmall  superparamagnetic  iron  oxide  (USPIO) 
covered  dextran 

Molecular  imaging  agent  during  contrast- 
enhanced  MRI 

Monocrystalline  iron  oxide  nanoparticles-47  [MION-47] 

Measures  macrophage  burden  in 
atherosclerosis 

Colloidal  dispersions  of  superparamagnetic  (subdomain)  iron 
oxide  nanoparticles 

Magnetic  fluid  hyperthermia  (MFH)  in  cancer 
treatment 

Nanosized  superparamagnetic  nanoparticles  (Fe304)  coated  with 
the  multivalent  cationic  agent,  polyethyleneimine  (PEI) 

Purification  of  plasmid  DNA  from  bacterial 
cells 

Reprinted  with  permission  from  Mudshinge,  S.,  Deore,  A.,  Patil,  S.  and  Bhalgat,  C.,  2011.  Nanoparticles:  emerging  carriers  for  drug  delivery. 
Saudi  Pharm.  19(3),  129-141 
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17*2*2  Characteristics  of  an  Ideal  Nanocarrier  System 

NPs  were  known  for  their  efficient  drug  targeting,  wide  availability,  ease  of  functiona¬ 
lization,  biocompatibility,  and  stability.  To  efficiently  deliver  the  drugs  to  the  desired 
sites  with  the  minimum  side  effects,  several  characteristics  of  NPs  have  to  be  controlled. 
These  characteristics  are  the  ideal  size,  surface  charge,  and  geometry  to  avoid  the  serious 
side  effects  that  may  arise.  NPs  are  usually  characterized  by  different  magnetic,  optical, 
thermal,  and  electrical  properties  since  they  provide  a  high  surface  area  as  well  as 
restricted  quantum  mechanical  effects.  The  ideal  NP  carrier's  must-have  features  include 
biodegradability,  stability,  lack  of  immunogenicity,  ease  to  fabrication,  cost-effectiveness, 
and  ability  to  release  their  contents  only  at  the  site  of  interest  (Yu  et  al.,  2016). 

Nanoparticles'  shape  and  size  are  the  factors  affecting  how  the  body  cells  recognize 
these  particles  and  thus  determine  their  distribution,  targeting  ability,  and  toxicity.  It  was 
observed  that  particles  having  a  size  of  200  nm  or  larger  lead  to  the  activation  of  the  lym¬ 
phatic  system  and  hence  are  being  removed  faster  from  the  blood  circulation.  Thus,  the 
optimal  size  for  a  nanoparticle  is  around  100  nm.  At  this  size,  the  particle  is  able  to  cross 
the  BBB  and  hence,  the  amount  of  drug  delivered  will  be  sufficiently  high.  This  transport 
is  facilitated  due  to  the  high  surface  area  to  volume  ratio  and  avoidance  of  immediate 
clearance  by  the  lymphatic  system  (McMillan  et  al.,  2011).  However,  manipulating  the  sur¬ 
face  characteristics  is  an  alternative  technique  to  create  the  ideal  system.  For  the  optimal 
nanoparticle  drug  delivery  system  to  be  achieved,  appropriate  targeting  ligands  have  to  be 
incorporated.  Additionally,  aggregation  caused  by  reactivity  and  surface  curvature  has  to 
be  prevented,  and  other  factors  including  stability,  receptor  binding,  and  drug's  conse¬ 
quent  pharmacological  effects  have  to  be  taken  into  consideration  (Khanbabaie  and 
Jahanshahi,  2012).  Fig.  17.3  represents  an  illustration  of  some  types  of  nanocarriers  and 
their  functional  groups  (Natarajan  et  al.,  2014). 

Surface  manipulation,  the  extent  of  aggregation,  and  clearance  of  NPs  can  also  be 
controlled  (Sykes  et  al.,  2016).  The  most  used  targeting  ligands  of  NPs  are  mentioned  in 
Fig.  17.4  (Ryan  and  Brayden,  2014). 

Drugs  are  released  from  the  nanocarrier  according  to  several  factors  that  include  pH, 
drug  solubility,  diffusion  of  drug  through  the  matrix  of  the  nanoparticle,  temperature, 
surface-bound  or  adsorbed  drug  desorption,  nanoparticle  matrix  erosion  and  swelling,  in 
addition  to  the  combination  of  diffusion  and  erosion  processes  (Son  et  al.,  2017). 
Depending  on  the  nanoparticle  used,  drug  release  will  differ.  Thus,  weakly  bound  drugs 
are  rapidly  released  owing  to  the  large  surface  area  of  the  nanoparticle  followed  by  a 
sustained  release  (Lee  and  Yeo,  2015).  If  nanocapsules  were  used,  the  release  will  be 
controlled  by  the  diffusion  of  drug  through  the  polymeric  layer,  which  shows  the  drug 
diffusibility  as  a  determining  factor  of  the  drug's  deliverability.  In  the  case  of  the  pres¬ 
ence  of  ionic  interactions  between  the  drug  and  polymer,  complexes  will  be  formed 
thereby  inhibiting  the  drug  release  from  the  capsule.  However,  this  can  be  avoided  by 
the  addition  of  auxiliary  agents  such  as  polyethylene  oxide-propylene  oxide  (PEO-PPO). 
This  will  cause  a  reduction  in  the  interactions  between  the  capsule  matrix  and  the  drug 
and  subsequently  allow  for  more  drug  content  to  be  released  to  the  target  tissues  (Rizvi 
and  Saleh,  2018). 
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FIGURE  17.3  Illustration  of  several  types  of  nanocarriers  and  their  functional  groups.  Source:  Reprinted  with 
permission  from  Natarajan ,  /.,  Nugraha,  C.,  Ng,  X.,  Venkatmman,  S.,  2014.  Sustained-release  from  nanocarriers:  a  review. 
J.  Control  Release ,  193 , 122—138. 


FIGURE  17.4  Most  commonly  used  targeting  moieties  for  nanoparticles.  Source:  Reprinted  with  permission  from 
Ryan ,  S.,  Brayden ,  D.,  2014.  Progress  in  the  delivery  of  nanoparticle  constructs:  towards  clinical  translation.  Curr.  Opin. 
Pharmacol.  18, 120—128. 
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17.3  PRECLINICAL  UPDATES  ON  VARIOUS  NANOCARRIERS 


Owing  to  the  increasing  interest  in  the  nanodelivery  of  drugs,  various  studies  are  being 
carried  out  in  the  research  field.  In  this  section,  five  types  of  nanocarriers  are  discussed 
along  with  their  recent  studies  and  preclinical  updates. 


17.3.1  Liposomes 

The  pharmaceutical  field  has  witnessed  a  stupendous  revolution  since  the  emergence  of 
liposomal  drug  delivery.  Since  then,  massive  research  in  the  liposomes  field  has  been 
carried  out  and  they  are  now  used  in  various  areas,  including  biomolecules,  drugs,  and 
gene  delivery.  Liposomes  are  described  as  spherical  vesicles  composed  of  a  bilayer  of  lipids 
and  an  internal  aqueous  core.  The  structure  of  liposomes  comprises  the  incorporation  of 
phospholipids  or  synthetic  amphiphiles  with  sterols  such  as  cholesterol  ultimately  enhanc¬ 
ing  the  membrane  permeability  of  drugs.  Liposomes  are  known  as  the  first  nano-DDS  that 
was  used  clinically.  Delivering  drugs  by  liposomes  will  alter  their  biodistribution  profile 
and  thus  enhance  the  therapeutic  index  of  many  drugs  (Bulbake  et  al.,  2017). 

Recently,  the  drug  delivery  using  liposomal  systems  has  played  a  significant  role  in 
cancer  therapy.  Generally,  encapsulating  chemotherapeutic  agents  in  liposomes  results  in 
sustained  bioavailability  and  higher  accumulation  of  drugs  inside  the  solid  tumors. 
Further,  pharmacological  activity  of  the  drug(s)  can  be  improved  by  PEGylation  of 
liposomes  (Hantel  et  al.,  2012).  An  analog  of  camptothecin,  that  is,  Irinotecan  (CPT-11)  is 
approved  clinically.  It  is  a  prodrug  that  undergoes  activation  to  the  active  form  (SN-38)  by 
CES  (carboxylesterases)  enzymes  that  are  found  in  liver  and  colon  tissues.  SN-38  can  be 
then  inactivated  via  glucuronidation  by  UDP-glucuronosyl  transferase  enzymes  family. 
Although,  Irinotecan  is  a  better  option  for  the  treatment  of  colorectal  cancer  yet  its  use  is 
limited  by  the  toxic  side  effects.  Liposomal  delivery  systems  provide  an  alternative  for 
modification  of  the  pharmacokinetic  and  safety  profiles.  Liposomal  encapsulated  irinote¬ 
can  has  shown  an  improved  and  safe  antitumor  activity  when  tested  in  preclinical  stages. 
This  was  explained  by  the  enhancement  of  its  active  metabolite  accumulation  within  the 
tumor  microenvironment  (Kalra  et  al.,  2014). 

Recently,  a  development  of  a  new  therapeutic  approach  has  been  accomplished  by  cou¬ 
pling  an  IGF1  (Insulin-like  growth  factor  l)-R-blocking  antibody  to  liposomal  doxorubicin 
(DXR).  This  combination  has  led  to  the  enhancement  of  its  antitumor  effects  indicating 
improved  therapeutic  efficacy  of  this  soloimmunoliposomal  formulation  (Hantel  et  al., 
2012).  Both  the  liposomal  forms  of  the  PEGylated  and  non-PEGylated  DXR  have  allowed 
for  the  higher  accumulation  of  DXR  in  brain  tumors  when  compared  with  the  normal 
brain  tissue,  thus  providing  a  strong  support  in  conjunction  with  radiotherapy.  These 
motivating  results  paved  the  pathway  for  phase  I  trials  of  radiochemotherapy 
using  liposomal-DXR  to  treat  malignant  brain  tumors  (Chastagner  et  al.,  2015).  Table  17.1 
summarizes  some  of  the  liposomal  systems  in  the  market  and  under  investigation 
(Sercombe  et  al.,  2015). 
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17*3*2  Dendrimers 

Dendrimers  are  defined  as  highly  branched  polymeric  macromolecules  depicting  well- 
defined  shapes  and  uniform  sizes.  The  basic  structure  of  dendrimers  involves  three  main 
components:  a  central  core,  repetitive  branched  units,  and  terminal  groups  that  provide 
surface  functionalities  that  are  able  to  be  modified.  Different  generations  of  dendrimers 
are  determined  by  the  number  of  the  repeated  branching  units,  which  are  the  parts 
accountable  for  forming  a  globular  structure.  The  high  controlling  level  over  their  architec¬ 
ture  has  made  them  attractive  for  drug  and  gene  delivery.  Drugs  and  oligonucleotides  are 
encapsulated  in  the  dendrimer' s  internal  cavities,  or  attached  to  their  surfaces  by  electro¬ 
static  or  hydrophobic  interactions,  or  covalently  bound  with  the  terminal  functional 
groups  (Palmerston  Mendes  et  al.,  2017).  Different  types  of  dendrimers  are  presented  in 
Fig.  17.5  (Kesharwani  et  al.,  2014). 
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FIGURE  17.5  Different  types  of  dendrimers.  Source:  Reprinted  with  permission  from  Kesharwani ,  P.r  fain ,  K.,  fain , 
N.,  2014.  Dendrimer  as  nanocarrier  for  drug  delivery.  Prog.  Polym.  Sci.,  39(2),  268—307. 
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Recently,  Chahal  and  Khan  et  al.  have  prepared  novel  dendrimer-RNA  NPs  to  deliver 
the  replicon  mRNA  that  has  the  ability  to  be  self-replicated  and  alters  protective  immunity 
against  specific  viruses.  Delivering  replicon  mRNA  successfully  by  this  system  has 
resulted  in  the  production  of  responses  of  antibody  and  antigen-specific  CD8+  T-cell 
against  the  encoded  antigen,  and  hence  provides  immunity  to  lethal  pathogen  challenge 
under  in  vivo  conditions  (Chahal  et  al.,  2016).  In  a  study,  it  was  observed  that  neoadjuvant 
chemotherapy  with  capecitabine  might  cause  a  reduction  in  the  counts  of  RBCs  and  plate¬ 
lets  in  male  mice.  However,  the  complex  form  with  PAM  AM  dendrimer  was  shown  to 
have  fewer  side  effects  on  blood  cell  lines  (Table  17.2)  (Nabavizadeh  et  al.,  2016). 


17*3*3  Albumin  Nanoparticles 

Albumin  is  the  most  abundant  plasma  protein,  accounting  for  about  50%  of  the  total 
plasma  proteins.  Albumin  offers  important  roles  that  include  regulating  the  osmotic  pres¬ 
sure  of  the  blood  as  well  as  transporting  and  distributing  divalent  ions,  bilirubin,  steroids, 
hormones,  and  fatty  acids  (Tan  and  Ho,  2018).  Furthermore,  the  pharmaceutical  industries 
are  increasingly  considering  the  albumin  as  a  potential  drug  carrier. 

In  2005,  paclitaxel  albumin-stabilized  NPs  (Abraxane)  was  approved  as  the  first  albu¬ 
min  formulation.  Many  intrinsic  features  have  made  the  application  of  albumin  possible 
as  a  drug  carrier.  Such  features  include  the  endogenous  source  of  albumin,  nontoxicity, 
lack  of  immunogenicity,  biodegradability,  and  biocompatibility  (Elzoghby  et  al.,  2012). 
Moreover,  albumin  possesses  a  great  binding  capacity  owing  to  the  presence  of  three 
homologous  domains  in  its  structure  (i.e.,  I,  II,  and  III)  along  with  two  smaller  subdomains 
(i.e.,  A  and  B)  facilitating  different  ligand  bindings  (Tan  and  Ho,  2018).  Nonetheless,  albu¬ 
min  has  increased  water  solubility,  distinctive  active  targeting  potential  causing  conforma¬ 
tional  changes  (to  surmount  low  pH  lysosomes  and  endosomes),  and  ability  to  transport 
poorly  water-soluble  drugs  to  reach  their  pharmacological  targets  (Elzoghby  et  al.,  2012). 
Overall,  all  these  features  have  made  albumin  a  carrier  of  interest  for  pharmaceutical  use 
(Tan  and  Ho,  2018). 

A  multikinase  inhibitor  was  loaded  in  a  novel  albumin  nanoparticle  drug  carrier 
system  (NANAPs).  Furthermore,  their  anti-EGFR  NP  EGal  was  linked  via  maleimide 
functionalized  PEGs  and  then  placed  as  a  coating  to  the  NPs  surface  to  support  the  target 
delivery  to  EGFR-positive  14C  squamous  head  and  neck  cancer  cells.  However, 
PEGylated  NPs  that  were  not  coated  with  EGal  have  shown  lower  targeting  as  compared 
with  PEG-NP-EGal  (Hu  et  al.,  2017).  An  albumin  nanoparticle  formulation  was  designed 
for  coloading  paclitaxel  (PTX)  and  curcumin  (CCM).  Cotreatment  with  PTX  and  CCM 
using  Alb-NPs  has  remarkably  decreased  MIA  PaCa-2  cell  viability  and  cotreatment  of 
chemotherapeutics  has  ensued  in  the  enhancement  of  the  antitumor  effects  in  vivo  and 
in  vitro  (Kim  et  al.,  2016). 


17*3*4  Gold  Nanoparticles 

Gold  NPs  (AuNPs)  are  versatile  materials  and  generally  considered  to  be  nontoxic. 
AuNPs  have  gained  much  interest  for  various  therapeutic  applications  in  humans.  AuNPs 
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have  emerged  as  highly  advanced  materials  for  the  treatment  of  malignant  tumors  due  to 
their  unique  quenching  efficiency,  substantial  surface  modifiability,  and  biocompatibility 
(Farooq  et  al.,  2018).  There  are  two  major  types  of  gold  NPs  surface  structure  used  in 
delivery  applications  as  illustrated  in  Fig.  17.6  (Rana  et  al.,  2012). 

Using  proteins  as  capping  agents  of  AuNPs  has  resulted  in  an  increased  stability  of 
the  system  facilitating  their  delivery  into  the  biological  systems.  These  protein-capped 
AuNPs  have  been  recorded  with  a  considerable  stability  towards  pH  alterations  and 
the  addition  of  electrolytes  (Khoshnevisan  et  al.,  2017).  Additionally,  AuNPs  have 
been  increasingly  used  for  gene  therapy  purposes,  in  vitro  as  well  as  in  preclinical 
studies  on  animal  models.  This  is  particularly  due  to  the  high  payload,  efficient  uptake, 
low  toxicity,  increased  half-lives,  efficient  endosomal  escape,  specific  and  selective  gene 
transfection  and  silencing,  and  the  widespread  activation  of  the  body's  innate  immune 
system.  Nonetheless,  dendrimer-entrapped  gold  NPs  (Au  DENPs)  have  been  successfully 
used  to  deliver  vascular  endothelial  growth  factor  (VEGF)  or  B-cell  lymphoma /leukemia 
2  protein  (BCL-2)  siRNA  into  a  human  glioma  cell  line  or  BCL-2  siRNA  to  a  human  cer¬ 
vical  carcinoma  cell  line,  to  silence  luciferase  (LUC)  reporter  gene  and  enhance  green 
fluorescent  protein  (EGFP)  gene  (Kong  et  al.,  2016;  Mendes  et  al.,  2017;  Mieszawska 
et  al.,  2013). 

Another  example  is  the  folic  acid— conjugated  AuNPs  for  the  delivery  of  functional 
siRNA.  It  has  been  studied  by  the  use  of  RelA  siRNA  for  silencing  RELA  expression  in 
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FIGURE  17.6  The  two  major  surface  structure  of  gold  nanoparticles.  Source:  Reprinted  with  permission  from 
Rana ,  S.,  Baiai,  A.,  Mout,  R.,  Rotello,  V 2012.  Monolayer  coated  gold  nanoparticles  for  delivery  applications.  Adv.  Drug 
Deliv.  Rev.,  64(2),  200—216. 
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prostate  cancer  cells  as  this  gene  is  considered  as  one  of  the  NF-kB  (i.e.,  nuclear  factor-KB, 
a  transcription  factor  of  many  cancers)  five  gene  products  (Guo  et  al.,  2016).  Conde  et  al. 
have  developed  a  complex  Au-nanoplatform  and  the  efficacy  of  RNAi  AuNP-based 
nanocarrier  has  been  demonstrated  both  in  vitro  and  in  vivo  conditions  against  the 
C-MYC  proto-oncogene  (Conde  et  al.,  2012). 


17*3*5  Iron  Oxide  Nanoparticles 

Iron  oxides  are  compounds  that  are  basically  composed  of  iron  and  oxygen.  There 
are  various  types  of  iron  oxides  that  include  iron(II)  oxide,  wiistite  (FeO),  magnetite 
(Fe304),  iron(III)  oxide  (Fe203),  alpha  phase,  hematite  (a-Fe203),  beta  phase,  ((3-Fe203), 
gamma  phase,  maghemite  (^-Fe203),  epsilon  phase,  (e-Fe203).  Magnetite,  maghemite, 
and  hematite  are  the  most  common  forms  existing  naturally  (M.  et  al.,  2011).  Iron  oxide 
NPs  have  promising  characteristics  to  be  used  for  theranostics  in  cancer.  Attachment  of 
iron  oxide  NPs  to  the  surface  of  anticancer  drugs  facilitates  precise  imaging  of  the  tumor 
in  one-step  by  magnetic  resonance  and  as  a  targeted  therapy.  An  example  is  a  study 
that  was  carried  out  for  the  preclinical  investigation  of  the  biocompatibility  of  a  new 
iron  oxide-based  nanoparticle  coated  with  L-DOPA  to  improve  its  dispersion  in 
biological  media.  Results  revealed  that  NPs  have  perhaps  caused  an  induction  of  a  local 
inflammation  and  subsequent  employment  of  the  peripheral  lymphocytes.  However,  the 
reduction  in  the  platelet  counts  may  reflect  tissue  lesions  triggered  by  NPs  (Comanescu 
et  al.,  2015). 

In  another  study,  superparamagnetic  iron  oxide  NPs  (SPIONs)  have  been  synthesized 
and  investigated  as  agents  for  the  direct  labeling  of  cells  for  stem  cells  imaging.  High 
quality,  monodisperse,  as  well  as  biocompatible  DMSA-coated  SPIONs  have  been  attained 
by  a  thermal  decomposition  followed  by  ligand  exchange  reaction.  However,  the  attained 
results  have  revealed  a  limited  influence  of  SPIONs  on  treated  skeletal  myoblasts  without 
interfering  with  the  basic  cell  functions  (Wierzbinski  et  al.,  2018). 


17*4  N AN OPARTICLE-B  ASED  PRODUCTS  UNDER  CLINICAL  TRIALS 


Although  the  number  of  clinically  approved  nanocarriers  for  drug  delivery  is  limited 
yet  many  of  them  are  under  clinical  trials.  Under  this  section,  six  different  types  of  nano¬ 
systems  are  being  clinically  studied  and  will  be  covered  along  with  some  of  the  studies 
that  have  been  recently  carried  out. 


17*4*1  PEGylated  Gold  Nanoparticles 

Polyethylene  glycol-functionalized  gold  NPs  (PEGylated  AuNPs)  were  used  as 
nanocarriers  to  deliver  several  drugs  (He,  et  al.,  2014).  AuNPs  have  noticeably  become 
vital  systems  to  deliver  nanodrugs  in  the  treatment  of  various  cancers.  There  are  different 
factors  affecting  the  role  of  nanoparticle-based  DDS  such  as  particle  size,  particle  shape. 
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the  composition  of  the  surface  ligand,  and  the  grafting  density  (Liu  et  al.,  2014).  However, 
only  a  few  studies  have  focused  on  the  possibility  of  PEGylated  AuNPs  to  affect  the 
human  erythrocytes'  primary  function  as  they  are  the  main  blood  component  (He,  et  al., 
2014).  In  a  study  carried  out  by  He  et  al.,  they  have  shown  that  the  ability  of  erythrocytes 
to  deform  and  oxygen  delivery  have  decreased  when  they  were  treated  with  PEGylated 
AuNPs  of  different  sizes.  This  was  suggested  to  occur  as  a  result  of  the  interaction 
between  the  membranes  of  erythrocytes  and  PEGylated  AuNPs.  Results  have  suggested 
that  PEGylated  AuNPs  are  able  to  alter  the  human  erythrocytes'  primary  function  when 
used  as  drug  carriers  (He  et  al.,  2014). 

In  another  study,  a  quantitative  approach  to  control  the  dispersity,  cell  viability, 
stability,  and  cellular  uptake  of  PEGylated  AuNPs  was  presented.  Controlling  these 
properties  was  considered  critical  to  designing  AuNPs  so  as  to  enhance  the  specificity  in 
biomedical  applications  (Liu  et  al.,  2014).  In  a  recent  study  carried  out  by  Omlor  et  al., 
intranasal  instillation  of  citrated  and  PEGylated  gold  NPs  in  healthy  mice  and  mice 
with  asthmatic-like  inflamed  airways  was  reported.  An  increase  in  the  NPs  uptake 
was  observed  especially  in  the  spleen  of  mice  having  an  asthmatic  precondition.  This 
suggested  that  the  host  factor  of  airway  inflammation  has  to  be  taken  into  consideration 
during  the  evaluation  of  the  potential  toxicity  of  NPs  (Omlor  et  al.,  2016). 


17*4*2  Paclitaxel  Micellar  Nanoparticles 

Polymeric  micellar  paclitaxel  (PM  paclitaxel)  is  an  innovative  formulation  of 
nanoparticle-encapsulated  paclitaxel  administered  by  intravenous  injection.  A  phase  I  trial 
was  carried  out  by  Shi  et  al.  to  determine  the  first  cycle  of  dose-limiting  toxicities  (DLTs) 
and  maximum  tolerated  dose  (MTD)  of  PM-paclitaxel.  Safety,  pharmacokinetic  (PK) 
profile  and  antitumor  activity  of  PM  paclitaxel  were  evaluated  in  patients  suffering 
from  advanced  malignancies.  It  was  concluded  that  PM  paclitaxel  has  shown  high  MTD 
with  no  toxicity  and  exhibited  appropriate  antitumor  activity  (Shi  et  al.,  2017). 

The  therapeutic  effectiveness  of  nanoscale  anticancer  DDS  is  rigorously  shortened  by 
the  low  targeting  efficacy  on  the  tumor  and  the  inefficient  release  of  the  drug  at  the  target 
site.  In  a  study,  hyaluronic  acid— shelled  acid-activatable  paclitaxel  prodrug  micelles  have 
accounted  for  an  effective  targeting  and  treating  of  CD44-overexpressing  human  breast 
tumor  xenografts,  in  vivo.  Results  revealed  that  hyaluronic  acid— shelled  acid-activated 
PTX  prodrug  micelles  exhibit  great  potential  to  target  chemotherapy  of  CD44-positive  can¬ 
cers  (Zhong  et  al.,  2016). 

Additionally,  tumor  metastasis  is  another  leading  cause  of  the  insufficient  chemother¬ 
apy  during  the  treatment  of  cancer.  In  a  recent  study  carried  out  by  Chen  et  al.,  a  poly 
((3-amino  ester)  derivate  has  been  developed  for  fabricating  paclitaxel  (PTX)  entrapped 
pH-responsive  copolymer  micelles  to  inhibit  the  metastasis  of  breast  cancer.  The  pH- 
responsive  PTX-loaded  micelles  are  favorable  candidates  to  develop  stimuli-triggered  DDS 
in  an  acidic  environment  of  the  tumor  with  improved  inhibition  of  tumor  metastasis 
(Chen  et  al.,  2017).  Fig.  17.7  represents  the  major  scheme  of  stimuli-responsive  NPs  in 
transporting  active  compounds  (Fleige  et  al.,  2012). 
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FIGURE  17.7  Stimuli-responsive  nanoparticles  major  mechanism  of  transportation.  Source:  Reprinted  with  per¬ 
mission  from  Fleige,  E.,  Quadir,  M.,  Haag ,  R.,  2012.  Stimuli-responsive  polymeric  nanocarriers  for  the  controlled  transport 
of  active  compounds:  Concepts  and  applications.  Adv.  Drug  Deliv.  Rev.,  64(9),  866—884. 


17.4*3  Dendrimers 

Dendrimers  are  described  as  highly  ordered,  discrete  and  monodispersed  macromole¬ 
cules  that  can  be  readily  synthesized  in  a  stepwise  way  from  commercial  monomers 
having  unique  properties.  Dendrimers  have  recently  received  much  interest  as  nanocar¬ 
riers  for  the  delivery  of  anticancer  treatments  (Lalatsa  et  al.,  2018).  N-acetyl-L-cysteine 
(NAC)  is  an  antiinflammatory  and  antioxidant  drug  that  shows  a  common  use  as  an 
antidote  to  treat  acetaminophen  overdose.  NAC  has  also  shown  beneficial  results  in 
treating  neurological  disorders.  Despite  the  success  of  NAC  in  the  treatment  of 
neurologic  disorders,  it  shows  a  limited  ability  to  efficiently  cross  the  BBB.  It  was 
revealed  that  the  intravenous  administration  of  dendrimer-NAC  (D-NAC)  conjugates 
showed  promising  results  as  targeted  treatments  of  neurological  inflammation 
(Yellepeddi  et  al.,  2018). 

In  a  study  carried  out  by  Zhang  et  al.,  it  has  been  shown  that  G6  PAMAM  dendrimers 
having  a  hydroxyl  group-functionalized  surface  are  serving  as  better  vehicles  to  target 
injured  CNS  cells  than  G4  dendrimers.  G6  dendrimers  have  shown  greater  accumulation 
in  the  brain  and  higher  penetration  efficiency  into  CSF  as  compared  with  many 
other  drugs  that  are  used  clinically  (Zhang  et  al.,  2017).  Wei  et  al.  released  an  original 
supramolecular  nanomicellar  system  based  on  the  amphiphilic  dendrimer  (AmDM). 
AmDM  has  the  ability  for  an  effective  delivery  of  the  anticancer  drug  DOX  and  for 
enhancing  anticancer  activity  while  avoiding  systemic  toxicity.  This  AmDM  /DOX 
nanomicelle  has  been  reported  with  several  desirable  advantages  including  high  drug 
loading.  Due  to  the  unique  structure  of  these  dendrimers,  they  form  large  micelles  upon 
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self-assembly  generating  a  low-density  hydrophobic  core  with  the  ability  to  entrap  a  large 
number  as  well  as  huge  payload  of  drugs  (Wei  et  al.,  2015). 


17*4*4  Albumin  Nanoparticles 

Albumin  NPs  have  received  significant  attention  due  to  the  high  binding  capacity  as 
well  as  their  tolerability  without  causing  serious  side  effects.  Albumin  NPs  are  known  for 
certain  advantages  including  biodegradability,  ease  of  preparation,  and  reproducibility. 
Due  to  their  high  binding  capacity  of  various  drugs,  the  matrix  of  albumin  NPs  can  offer 
effective  incorporation  of  these  compounds  (Elzoghby  et  al.,  2012). 

Paclitaxel  albumin-stabilized  NPs  is  an  example  of  a  nanocarrier  that  was  used  to 
treat  locally  advanced  and  metastatic  breast  cancer  in  older  patients  in  a  phase  II  trial. 
This  formulation  works  by  impeding  the  growth  of  tumor  cells  and  inhibiting  cell  division 
resulting  in  cell  death.  However,  other  studies  have  not  proven  whether  paclitaxel 
albumin-stabilized  nanoparticle  formulation  and  gemcitabine  hydrochloride  are  more 
active  in  the  treatment  of  patients  having  pancreatic  cancer  (Clinicaltrials.gov,  2018). 


17*4*5  Gold  Nanoparticles 

The  versatile  applications  of  nanotechnology  have  provided  a  promising  tool  for 
enhancing  the  efficacy  of  radiotherapeutics.  In  this  regard,  gold  nanoparticles  (AuNPs) 
are  the  most  widely  studied  materials  in  radiotherapeutics  owing  to  their  high  X-ray 
absorption  coefficient.  These  NPs  are  synthesized  easily  which  enables  precise  control 
over  the  physicochemical  properties  of  the  particle  (Her  et  al.,  2017).  Colloidal  gold  has 
accounted  for  many  benefits  for  the  human  health  and  such  benefits  include  as  a  radiation 
source  for  brachy therapy  and  for  treating  arthritis.  These  benefits  have  led  to  immense 
successes,  which  in  turn  increased  the  interests  for  using  gold  in  addition  to  other  noble 
metals  for  various  healthcare  applications  (Anselmo  and  Mitragotri,  2015). 

The  past  decade  has  witnessed  an  increasing  interest  in  the  application  of  AuNPs  for 
radiotherapy  as  radiation  sensitizers.  This  interest  has  emerged  from  the  strong 
absorption  of  ionizing  radiation  thereby  enhancing  the  ability  for  increasing  the 
dose  deposited  within  target  volumes  at  low  concentrations.  Extensive  experimental 
validation  has  supported  these  observations  showing  the  efficacy  of  AuNPs  in  the 
sensitization  of  tumors  in  both  in  vitro  and  in  vivo  systems  to  different  types  of  ionizing 
radiation,  such  as  kilovoltage  and  mega  voltage  X-rays.  Because  of  the  high  reduction  of 
X-rays  by  gold,  AuNPs  have  been  used  as  effective  imaging  contrast  agents.  A  dual¬ 
mode  imaging  platform  utilizing  a  combination  of  CT  and  optical  imaging  by  applying 
AuNPs  was  reported  for  in  vivo  applications.  However,  magnetic  resonance  imaging 
(MRI)  has  been  shown  to  provide  superior  in  vivo  anatomical  information  regarding  the 
accumulation  of  AuNPs  in  the  tumor  cell  (Schuemann  et  al.,  2016).  Some  AuNPs  such  as 
Aurimune  have  completed  key  clinical  trials.  However,  none  of  the  AuNP  products  have 
received  the  clinical  approval  (Anselmo  and  Mitragotri,  2015). 
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17*4*6  Iron  Oxide  Nanoparticles 

Superparamagnetic  iron  oxide  NPs  (SPIONs)  are  a  multipurpose  class  of  MRI-based 
contrast  agents.  These  agents  have  clinical  uses  such  as  in  the  detection  of  hepatocellular 
carcinomas  and  as  magnetic  fluid  hyperthermia  treatment  for  cancers  in  addition  to  their 
ability  for  drug  magnetic  targeting  (Sharkey  et  al.,  2017).  SPIONs  have  many  uses  owing 
to  their  high  surface  functionalization  to  form  SPIO-conjugates,  high  efficacy  as  MRI 
contrast  agents,  high  efficiency  for  multimodal  imaging,  as  well  as  high  potential  for 
theranostic  uses.  For  further  improvement  of  the  functionality,  controlled  release,  and 
protection  against  degradation,  SPIONs  have  gained  great  attention.  These  systems  are 
promising  candidates  for  providing  multifunctional  platforms  for  theranostic  applications 
(Schleich  et  al.,  2015).  It  is  a  crucial  issue  to  track  cells  during  regenerative  cytotherapy  to 
monitor  their  efficacy  and  safety.  A  cell-tracking  agent  of  reliable  and  applicable  clinical 
usage  is  considered  as  a  convenient  tool  for  studying  the  biodistribution  of  the  cell. 

Recently,  a  chemical  design  has  been  used  for  the  functionalization,  optimization,  and 
characterization  of  a  new  set  of  SPIONs  for  efficient  labeling  of  macrophages  for  in  vivo 
magnetic  resonance  imaging-based  cell  tracking.  A  positively  charged  dextran-coated 
SPION  is  a  tool  for  noninvasive  tracking  of  hepatic  macrophage  localization  for  therapeu¬ 
tic  monitoring  (Sharkey  et  al.,  2017).  In  a  study  carried  out  recently,  iron  oxide  NPs 
(IONPs)  and  their  bulk  have  been  investigated  to  determine  their  effects  upon  oxidative 
stress  biomarkers,  biodistribution,  and  histopathology  in  rats.  The  investigation  of  oxida¬ 
tive  stress  biomarkers  significantly  increases  the  peroxidation  of  lipids.  Besides,  depending 
on  the  dose,  it  decreases  as  the  glutathione  content  in  the  liver,  kidney,  and  the  brain  of 
the  treated  group's  decreases  (Reddy  et  al.,  2017).  A  study  has  revealed  an  innovative  use 
of  IONPs  for  the  safe  and  effective  delivery  of  vaccines  without  additional  adjuvants 
(Pusic  et  al.,  2013). 


17*5  FAILED  CLINICAL  TRIALS  USING  NANOCARRIERS  FOR 
VARIOUS  BIOMEDICAL  APPLICATIONS:  REASONS  BEHIND 


In  general,  drugs  encapsulated  in  nanocarriers  are  better  protected  from  physicochem¬ 
ical  degradation.  This  leads  to  a  longer  half-life,  enhanced  therapeutic  efficacy,  and 
fewer  side  effects  (Hu  et  al.,  2010;  Peer  et  al.,  2007).  Unfortunately,  nanocarrier  systems 
have  major  limitations  that  hinder  their  functionality  as  targeted  delivery  systems. 
Opsonization  process  of  nanocarriers  after  they  reach  blood  circulation  is  a  major 
concern;  as  they  get  tagged  by  opsonin  proteins,  they  are  removed  by  mononuclear 
phagocytes  before  they  can  reach  target  tissues  (Owens  and  Peppas,  2006;  Riehemann 
et  al.,  2009;  Sanhai  et  al.,  2008). 

Accordingly,  biocompatible  nanocarriers  with  longer  drug  circulation  time  must  be 
engineered  to  increase  the  overall  efficacy  of  these  systems.  To  avoid  phagocytic  clearance 
of  nanocarriers,  several  techniques  have  been  investigated  (Yoo  et  al.,  2011).  The  most 
popular  approach  is  PEGylation  as  the  addition  of  poly(ethylene  glycol)  on  the  nanocar¬ 
riers'  surface  causes  steric  hindrance  and  thus  decreasing  the  serum  protein  binding 
(Salmaso  and  Caliceti,  2013;  Van  Vlerken  et  al.,  2007).  However,  this  approach  does 
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not  provide  an  ideal  solution  for  the  problem  as  opsonization  is  not  completely  prevented 
and  nanocarriers  still  undergo  nonspecific  clearance  (Knop  et  al.,  2010;  Vllasaliu  et  al., 
2014). 

Other  issues  regarding  PEG  are  hypersensitivity  reactions,  immunological  response, 
and  problems  in  the  PEG  coat  itself.  The  nanocarriers  may  be  degraded  or  have  an  excess 
PEG  coat  on  their  surface  leading  to  a  reduction  in  their  flexibility  and  mobility, 
which  eventually  shortens  the  circulation  time  (Knop  et  al.,  2010;  Vllasaliu  et  al.,  2014). 
The  interactions  between  nanocarriers,  reticuloendothelial  system,  and  opsonization 
process  of  nanocarriers  depend  mainly  on  their  shape,  size,  and  surface  composition 
(Agrahari  et  al.,  2015). 

The  first  cationic  polymer  based  NPs  were  systemically  administered  to  humans  in 
2008.  The  cationic  polymer  was  CALAA-01,  a  cyclodextrin-based  NPs  containing  siRNA 
(Davis,  2009).  CALAA-01  promoted  localization  in  tumor  with  amounts  correlated  to  the 
dose  administered.  It  provided  an  indication  of  gene  inhibition  by  RNAi  (Davis  et  al., 
2010).  Until  2009  there  were  no  signs  of  dose-limiting  toxic  events  (DLTs)  but  in  2010  trials 
resumed  following  complaints  by  two  patients  experiencing  DLTs  at  dose  30mg/m2. 
These  patients  were  subsequently  unable  to  tolerate  the  dose  at  24  mg/ m2.  Afterward, 
doses  were  lowered  and  additional  cohort  was  given  to  reduce  the  possibility  of  activating 
an  innate  immune  response  causing  the  DLTs.  CALAA-01  was  initially  administered  with 
a  dose  of  18  mg/m2  in  the  first  cycle.  As  no  safety  concerns  were  reported  by  the  patients 
they  received  a  subsequent  higher  dose  (27  mg/ m2)  in  the  second  cycle.  Starting  with 
lower  doses  it  would  have  enhanced  the  tolerability  of  the  patients  to  drug  and  maintain 
the  potential  activity.  Between  2011  and  2012,  two  out  of  five  patients  experienced  DLTs 
leading  to  the  decision  of  ending  the  study  (Zuckerman  et  al.,  2014). 

PRO-040201  is  stable  nucleic  acid-lipid  particle  system  (SNALP),  which  was  developed 
by  Tekmira  Pharma  Company.  PRO-040201  targeted  ApoB  produced  by  hepatocytes  and 
used  in  the  treatment  of  hypercholesterolemia.  The  company  initiated  Phase  I  clinical  trial 
in  2009  with  17  patients  receiving  a  single  dose  from  one  of  the  seven  dosing  levels  while 
another  six  patients  received  a  placebo.  There  was  a  significant  decrease  in  LDL  and  TGs 
levels  in  the  blood  indicating  that  ApoB  siRNA  efficiently  reached  the  hepatic  cells. 
Unfortunately,  in  2010,  one  of  the  patients  treated  with  higher  doses  suffered  from  flu-like 
symptoms  due  to  the  stimulation  of  immune  system  resulting  in  the  termination  of  clinical 
trials  (Vaishnaw  et  al.,  2010;  Xu  and  Wang,  2015). 


17.6  CURRENT  REGULATORY  STATUS  OF  VARIOUS 
NANOCARRIERS 


Nanomedicine  is  a  relatively  newly  emerging  field  to  develop  drugs  and  increase  their 
efficacy  while  improving  the  safety  profiles  with  the  aid  of  nanotechnology  into  both  bio¬ 
medical  and  pharmaceutical  sciences.  Nanomaterials  possess  key  differences  as  compared 
with  bulk  materials  due  to  their  extremely  small  size  and  changes  in  magnetic,  biochemi¬ 
cal,  electronic,  and  optical  properties  (Albanese  et  al.,  2012;  Kamaly  et  al.,  2012;  Tang  et  al., 
2012).  However,  the  FDA  regulates  preclinical  authorization  of  nanomedicines  as  in  the 
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case  of  traditional  drugs.  This  means  that  they  are  subjected  to  preclinical  and  clinical  vali¬ 
dations  (Eifle  and  Thaxton,  2011). 

Universal  design  criteria  are  still  being  developed  by  researchers  to  have  a  better  pre¬ 
diction  of  in  vivo  behaviors  of  nanomedicine.  However,  it  is  well  known  that  properties 
such  as  surface  chemistry,  size,  and  shape  can  all  affect  cellular  uptake  and  accumulation 
in  certain  tissues.  Since  the  mid-1990s,  the  average  of  approved  nanomedicines  per  every  5 
years  is  only  13.  The  nanomedicines  include  51  novel  products  and  based  on  new  clinical 
indications  Abraxane  is  one  of  the  approved  materials  (Cures,  2011;  Tsoulfas,  2012).  Since 
2007,  nanomedicines  that  reached  clinical  trials  after  getting  the  IND  approval  have 
increased.  Most  of  the  materials  reaching  the  developmental  stages  in  recent  years  are 
metallic,  protein-based,  and  micellar  NPs.  The  majority  of  liposome  and  micelle  systems 
under  development  use  polymers  as  building  blocks.  These  systems  are  protein-based 
nanomedicines  containing  synthetic  polymer  components  (Cui  et  al.,  2014).  This  section 
will  focus  on  the  regulatory  status  of  five  nanocarriers,  that  is,  polymeric,  liposomal,  pro¬ 
tein,  inorganic,  and  crystalline  nanocarriers. 

17*6*1  Polymeric  Nanoparticles 

Polymeric  NPs  are  widely  employed  across  the  majority  of  nanomedicine  applications. 
As  their  synthesis  process  is  relatively  simple  they  are  considered  the  simplest  forms  of 
NPs.  In  2013,  in  the  United  States,  two  of  the  drugs  within  the  top  10  bestsellers  were 
polymeric  drugs  (Neulasta  and  Copaxone)  (Duncan,  2014).  Polymeric  nanomedicines 
are  mainly  classified  into  two  categories,  that  is,  degradable  polymeric  systems  and 
polymer— drug  conjugates. 

Polymer— drug  conjugates  are  mostly  designed  for  different  purposes  other  than 
degradable  polymers.  As  these  conjugates  increase  the  drug's  bioavailability  and  half-life 
along  with  their  degradability,  they  are  most  beneficial  in  controlled  release  applications. 
The  applications  of  polymers  in  nanomaterials  are  wide  and  various  depending  on  the 
desired  therapeutic  outcomes.  The  simplest  polymeric  nanomedicine  is  the  use  of  single 
polymer  chains  as  they  work  as  therapeutic  agents  or  modifying  agents  for  diagnostic 
agents  and  drugs.  Copaxone  (glatiramer  acetate)  is  an  example  of  a  copolymer  composed 
of  L-alanine,  L-glutamic  acid,  L-tyrosine,  and  L-lysine  (Johnson  et  al.,  1998;  Tarhini  et  al., 
2017). 

Copaxone  was  approved  in  1996  as  an  immunomodulatory  agent  for  multiple  sclerosis 
patients.  In  general,  hydrophilic  polymers  are  attached  to  drug  molecules  to  improve 
solubility,  biocompatibility,  and  increase  their  circulation  (Alconcel  et  al.,  2011).  For 
instance,  poly(ethylene  glycol)  is  one  of  the  most  popular  polymers,  and  has  been  applied 
to  several  drugs  such  as  Neulasta,  which  got  FDA  approval  in  2002. 

Neulasta  is  considered  a  very  successful  drug  for  the  treatment  of  chemotherapy- 
induced  neutropenia.  PEGylation  of  granulocyte  colony  stimulating  factor  has  increased 
the  biological  half-life  of  Neulasta  by  almost  fivefold  (Benbrook,  2015). 

In  2014,  Plegridy,  a  PEGylated  interferon  gamma  beta-la,  received  FDA  approval  and 
has  been  used  for  multiple  sclerosis  treatment.  Proteins  attached  to  PEG  have  shown  both 
better  exposure  and  biological  half-life  as  compared  with  therapeutic  proteins  alone 
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(Hu  et  al.,  2012).  As  compared  with  other  INF-based  treatments  of  multiple  sclerosis, 
Plegridy  has  the  advantage  of  having  a  much  longer  half-life.  Thus,  making  the  treatment 
less  frequently  administered,  that  is,  only  once  every  2—4  weeks. 

Another  example  is  Adynovate,  a  PEGylated  factor  VIII,  was  approved  in  2015  for 
treating  bleeding  and  to  prevent  the  occurrence  of  bleeding  episodes  for  patients  with 
hemophilia  A.  Less  frequent  administration  of  factor  VIII  by  using  the  PEGylated  form 
may  decrease  the  possibility  of  generating  the  formation  of  antifactor  VIII  antibody,  which 
occurs  in  almost  30%  of  patients  leading  to  decreased  drug  efficacy  (Ing  et  al.,  2016). 

Aside  from  the  advantages  mentioned  previously,  polymer  NPs  can  be  helpful 
in  improving  the  controlled  release  of  drugs  by  using  hydrophobic  materials.  The  main 
concept  is  using  the  slow  degradability  of  these  materials  to  achieve  kinetically  driven 
release.  For  example,  Eligard,  a  well-established  polymeric  NPs-based  drug,  is  formed 
by  incorporating  leuprolide  into  PLGA  NPs.  It  is  considered  an  effective  treatment  in 
reducing  prostate  cancer  symptoms  (Berges,  2005;  Weissig  et  al.,  2014).  PLGA  slowly 
decomposes  into  a  degradable  polymer  that  provides  the  ability  to  control  decomposition 
time.  Camptothecin,  a  chemotherapeutic  agent,  has  been  encapsulated  inside  cyclodextrin- 
PEG  copolymers.  The  resultant  NPs  (CRLX101)  are  administered  by  i.v.  injection  to 
promote  the  EPR  effect  and  enhance  targeting.  CRLX101  shows  promising  results  as  it 
passed  phase  I  and  II  clinical  trials  in  patients  suffering  from  peritoneal,  ovarian,  tubal, 
and  rectal  cancers  (Clark  et  al.,  2016;  Svenson  et  al.,  2011). 

17*6*2  Liposomal  Nanoparticles 

The  development  of  liposomes  for  DDS  had  a  great  impact  on  pharmacology.  The  lipo¬ 
somal  system  can  stabilize  and  improve  biodistribution  of  drugs.  This  makes  them  ideal 
for  highly  toxic  drugs  and  drugs  with  low  bioavailability.  Phospholipid  bilayer  with  an 
aqueous  core  is  considered  the  simplest  type  of  liposome  and  was  first  described  in  1965 
(Bangham  et  al.,  1965;  Mukherjee,  2017;  Muthu  et  al.,  2014). 

These  systems  have  been  improved  to  enable  loading  them  with  diverse  types  of  com¬ 
pounds  such  as  weak  bases,  hydrophilic,  hydrophobic,  and  even  large  molecules. 
Liposomes  synthesis  is  relatively  easy  since  they  are  self-assembling.  It  is  also  possible  to 
combine  a  previously  approved  liposomal  system  with  established  targeting  compounds 
to  create  new  combinations  with  the  purpose  of  improving  therapeutic  delivery  (Allen 
and  Cullis,  2013).  In  the  mid-1990s,  liposomal  formulations  of  both  Amphotericin  B  and 
Doxorubicin  received  their  approval  making  liposomes  the  first  nanomedicines  to  reach 
FDA  clinical  trials  (Vaage  et  al.,  1992;  Zhu  and  Liao,  2015). 

Liposomal  Irinotecan  (Onivyde)  has  been  recently  approved  for  the  treatment  of 
metastatic  pancreatic  cancer  as  a  second  line  therapy.  Patients  administered  with  folinic 
acid  and  Fluorouracil  as  well  as  Onivyde  showed  approximately  2  months  more  of 
median  survival  as  compared  with  patients  given  Onivyde  alone  (Ur  Rehman  et  al.,  2016; 
Wang-Gillam  et  al.,  2016). 

One  of  the  major  concerns  regarding  liposomes  is  their  short  circulating  half-lives.  This 
results  from  the  immune  system  recognition  of  the  lipid  bilayer  by  macrophages  that 
increase  their  clearance.  One  of  the  approaches  to  minimize  clearance  was  PEGylating 
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the  liposome's  surface.  For  instance,  Doxil,  a  PEGylated  liposomal  doxorubicin,  was  the 
first  liposomal  nanoparticle  drug  to  show  less  cardiotoxic  side  effects  as  compared  with 
doxorubicin.  It  has  been  approved  for  several  types  of  cancer  including  ovarian  cancer, 
metastatic  breast  cancer,  Kaposi's  sarcoma,  and  multiple  myeloma  (James  et  al.,  1994;  Zhu 
and  Liao,  2015). 

PEGylated  liposomal  doxorubicin  drug  levels  have  increased  by  4-  to  16-fold  as 
compared  with  free  doxorubicin  treatment  in  malignancies  (Gabizon  et  al.,  1994;  Wibroe 
et  al.,  2016).  After  that,  many  PEGylated  liposomal  carriers  were  developed  to  deliver 
drugs  such  as  Visudyne,  which  delivers  verteporfin  to  treat  wet  macular  degeneration, 
and  Ambisome  containing  Amphotericin  B  for  the  treatment  of  fungal  infections  (Hann 
and  Prentice,  2001;  Walker  et  al.,  2018).  Liposomes  rely  mainly  on  passive  targeting 
that  enhances  the  distribution  of  therapeutic  agents  to  diseased  tissues.  Many  liposomal 
systems  in  clinical  trials  are  more  complex  systems. 

Thermodox,  a  multifunctional  particle  similar  to  Doxil,  is  also  a  liposomal  doxorubicin 
but  differs  in  the  bilayer  as  it  is  made  from  thermolabile  lipids  that  cause  the  bilayer 
to  degrade  when  exposed  to  high  temperatures.  This  allows  the  site-specific  release  of 
chemotherapeutic  agents  by  radio-frequency  thermal  ablation  (May  and  Li,  2013;  Wibroe 
et  al.,  2016).  Dual  targeting  systems  are  under  development  for  applications  in  tumors 
that  are  difficult  to  access.  Such  systems  are  formulated  by  adding  the  combination  of  two 
targeting  moieties  to  the  liposome  such  as  RGD  (cyclic  arginine-glycine-aspartic  acid) 
peptide  with  TF  (transferrin)  to  form  a  "cascade"  delivery  system  that  forms  RGD/TF-LP 
complex.  After  being  combined  with  an  anticancer  agent,  paclitaxel,  the  complex  system 
may  show  precise  targeting  of  gliomas  in  the  brain  (Qin  et  al.,  2014).  The  importance 
of  liposomal  drug  delivery  is  constantly  increasing  and  possesses  great  potential  and  pos¬ 
sibility  in  the  future. 


17*63  Protein  Nanoparticles 

Protein  NPs  can  be  applied  in  diverse  nanomedicine  fields  as  therapeutic  agents 
themselves  or  in  conjugation  with  drugs  to  work  as  carriers.  Protein  NPs  can  also  be  used 
for  targeted  drug  delivery.  Protein  NPs  were  designed  with  the  purpose  of  taking  advan¬ 
tage  of  natural  properties  of  blood  circulating  proteins  to  facilitate  drug  dissolution  and 
transportation.  Using  conventional  drugs  with  natural  proteins  reduces  the  possibility  of 
toxic  adverse  effects. 

One  of  the  early  protein— drug  conjugates  approved  by  FDA  in  2005  is  Abraxane.  It  is  a 
paclitaxel  bound  to  albumin  protein  and  was  mainly  designed  to  avoid  cremophor,  a  toxic 
solvent  needed  for  paclitaxel  delivery  (Bhattacharyya  et  al.,  2015;  Green  et  al.,  2006). 

Albumin-bound  paclitaxel  also  improved  infusion  time  and  excluded  the  need  to  use  other 
drugs  such  as  dexamethasone  or  antihistamines  to  prevent  the  immunoreactions  caused 
by  cremophor.  However,  Abraxane  not  only  reduced  the  toxicity  but  was  found  to  have  a 
better  pharmacokinetic  profile  and  improved  tumor  inhibition  due  to  increased  endothe¬ 
lial  binding  (Bernabeu  et  al.,  2014;  Desai  et  al.,  2006).  Abraxane  has  shown  the  possibilities 
and  advantages  of  protein— drug  NPs  such  as  reducing  toxicity  and  improving  passive 
delivery  of  drugs.  Accordingly,  many  other  albumin-bound  NPs  were  developed  and 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


17.6  CURRENT  REGULATORY  STATUS  OF  VARIOUS  NANOCARRIERS 


707 


entered  clinical  trials  for  the  sake  of  enhancing  drug  efficacy  such  as  NAB-docetaxel, 
NAB-heat  shock  protein  inhibitor,  and  NAB-rapamycin. 

Following  the  approval  of  Abraxane,  more  focus  has  been  put  on  developing  highly 
engineered  particle  complexes  to  achieve  targeted  delivery  of  therapeutic  agents.  For 
example,  Ontak  is  an  engineered  fusion  protein  that  combines  targeting  proteins  with 
cytotoxic  molecules.  It  was  approved  in  2008  for  the  treatment  of  aggressive  non- 
Hodgkin's  peripheral  T-cell  lymphomas  (PTCL).  Ontak  has  been  proven  to  increase  the 
treatment's  efficacy  and  the  combination  of  Ontak  with  the  first-line  chemotherapy  drugs 
for  PTCL  patients  has  been  used.  It  has  increased  the  survival  rate  by  approximately  30% 
more  as  compared  with  patients  treated  only  with  chemotherapy  (Foss  et  al.,  2013;  Fuentes 
et  al.,  2015).  Ontak  can  be  used  in  the  treatment  of  several  hematological  tumors  that 
overexpress  IL-2R.  In  addition,  it  does  not  exhibit  myelosuppression  or  significant  organ 
toxicity  (Foss,  2006). 

Targeted  gene  therapy  system  Rexin-G,  is  currently  in  phase  I /II  trials.  Its  targeting 
mechanism  relies  on  von  Willebrand  factor  (vWF),  a  collagen-binding  protein  that  induces 
platelet  aggregations  after  vascular  injuries.  Thus,  vWF  can  guide  the  whole  complex  into 
the  exposed  collagen  in  tumors  (Chawla  et  al.,  2010).  Unlike  other  protein  NPs,  the  vWF  in 
Rexin-G  is  expressed  in  the  envelope  of  a  murine  leukemia  virus.  The  protein-based 
envelope  is  responsible  for  both  the  transfection  of  the  cytotoxic  gene  (cyclin  Gl)  and  the 
accumulation  of  NPs.  This  targeting  strategy  does  not  target  specific  tissues  or  receptors 
like  the  majority  of  therapeutic  systems.  Instead,  it  targets  the  general  disease  state  and 
hence,  avoids  the  issues  resulting  from  adaptation  and  mutation  of  tumors  (Gordon  and 
Hall,  2010). 


17*6*4  Inorganic  Nanoparticles 

Inorganic  NPs  have  been  widely  investigated  for  therapeutic  purposes.  They  are  mainly 
divided  into  two  types,  that  is,  metallic  NPs  and  metal  oxide  NPs.  Many  metal  oxide 
materials  have  undergone  several  clinical  trials  such  as  iron  oxide  NPs  and  many  of  them 
are  approved  in  the  EU.  However,  the  FDA  has  only  given  approval  to  three  particles 
namely,  Feraheme,  GastroMARK,  and  Feridex.  Unfortunately,  two  of  these  particles  were 
withdrawn  later.  Varied  types  of  research  have  been  conducted  to  study  the  application  of 
iron  oxide  NPs  in  magnetic  imaging  as  contrast  enhancement  reagents. 

The  FDA-approved  NPs  are  mostly  indicated  to  treat  anemia  as  an  iron  replacement 
therapy.  For  instance,  Feraheme,  Venofer,  INFed,  Dexferrum,  and  Ferrlecit  are  all  consid¬ 
ered  as  approved  compounds  that  can  be  used  in  the  treatment  of  anemia  related  to 
chronic  kidney  diseases  (CKD).  These  NPs  contain  an  iron  oxide  core  and  a  hydrophilic 
polymer  such  as  sucrose  and  dextran  as  a  coat.  This  leads  to  a  slow  dissolution  rate  when 
administered  intravenously,  thus  reducing  the  probability  of  reaching  the  toxic  level  of 
free  iron  in  the  blood  (EDTA  et  al.,  2010). 

Feraheme  (ferumoxytol)  is  currently  being  investigated  as  an  imaging  agent  (Bashir 
et  al.,  2015).  Some  NPs  such  as  SPIONs  have  been  withdrawn  after  being  approved  by  the 
FDA  for  unclear  reasons  (Wang,  2015).  Metallic  NPs  such  as  gold  NPs  have  been  investi¬ 
gated  and  are  currently  under  clinical  trials.  Gold  possesses  many  unique  properties 
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including  its  thermal  and  optical  properties,  tunable  size,  surface  chemistry,  and  shape 
(Kharlamov  and  Gabinsky,  2012).  Having  the  ability  to  adjust  the  particle's  size  on  the 
nanoscale  permits  the  establishment  of  plasmotic  characteristic  and  the  possibility  to 
increase  them  (Zeng  et  al.,  2013).  However,  only  a  few  examples  are  being  investigated  in 
clinical  trials  and  no  gold-based  nanomedicine  has  been  approved  by  the  FDA  to  date. 
Colloidal  gold  has  been  previously  used  in  the  treatment  of  arthritis  but  it  was  outpaced 
due  to  the  presence  of  drugs  with  higher  activity  and  fewer  side  effects  (Tomic  et  al., 

2014) .  Owing  to  their  affinity  for  genetic  materials  alterations  have  been  observed  in 
genetic  expression  after  both  chronic  and  acute  exposure  to  gold-based  NPs  (Qiu  et  al., 

2015) . 

In  a  trial,  rhTNF,  a  human  tumor  necrosis  factor,  has  been  bound  to  colloidal  gold 
particles  (Libutti  et  al.,  2010)  and  the  linker  used  was  PEG,  which  formed  a  biocompatible 
antifouling  layer.  In  that  study,  it  was  found  that  the  dose  of  the  gold-based  rhTNF  system 
can  be  increased  three  times  higher  than  rhTNF  alone  without  inducing  toxic  side  effects. 
The  PEG  coating  layer  increased  the  drug  accumulation  within  tumor  masses  by  the  EPR 
effect.  Silica  has  also  been  used  as  a  coat  for  gold  particles  (Kharlamov  et  al.,  2015)  and 
iron  oxide  particles  were  conjugated  to  the  gold  particles  to  control  particle  distribution  by 
modulating  the  exterior  magnetic  fields.  This  enabled  the  destruction  of  plaques  in  blood 
vessels  just  by  injecting  these  NPs  into  the  bloodstream  and  applying  external  magnetic 
field  or  light. 

Another  example  is  NBTXR3,  developed  by  Nanobiotix,  which  is  composed  of  high 
electron  density  hafnium  oxide  NPs.  It  is  mainly  used  as  radio  enhancer  to  increase  the 
efficacy  of  radiotherapy  without  the  need  to  increase  the  dose  (Marill  et  al.,  2014).  It  works 
by  increasing  the  X-ray  interactions  leading  to  a  higher  number  of  excited  electrons  and 
finally  forming  more  radical  species  (Pottier  et  al.,  2014).  To  undergo  cellular  uptake  after 
being  injected  into  the  site  of  the  tumor,  these  particles  should  have  negative  zeta  potential 
and  particle  size  around  50  nm  to  achieve  better  uptake  and  maximize  local  effect 
(Marill  et  al.,  2014).  Antifouling  coatings  such  as  PEG  and  silica  can  also  stabilize  NPs  in 
the  biological  environment.  Cornell  dots  or  c-dots  are  silica  NPs  prepared  for  fluorescence 
imaging  applications  (Phillips  et  al.,  2014). 


17*6*5  Crystalline  Nanoparticles 

Crystalline  NPs  are  different  from  other  systems  because  they  are  made  entirely 
from  the  drug  compound.  The  nanoscale  size  is  due  to  the  high  surface  area  for  dissolu¬ 
tion.  It  forms  particles  with  very  high  dissolution  velocity  and  saturation  solubility.  At  the 
nanoscale,  as  the  particle  size  decreases  the  saturation  solubility  increases,  which  enhances 
the  driving  forces  of  diffusion  through  biological  surfaces.  Organic  and  inorganic  drugs 
have  been  produced  as  crystalline  NPs  (Junghanns  and  Muller,  2008;  Shegokar  and 
Muller,  2010). 

Converting  drug  compounds  into  nanoscale  has  resolved  solubility  issues  successfully. 
There  is  a  limited  number  of  FDA-approved  inorganic  crystalline  NPs  such  as  hydroxyap¬ 
atite  and  calcium  phosphate  that  is  used  as  substitutes  for  the  bone  graft.  Mainly  there  are 
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two  synthesis  methods,  that  is,  top-down  and  bottom-up.  The  first  one  includes  milling 
and  homogenization  while  the  second  one  is  a  precipitation  method.  The  top-down 
method  is  mainly  for  organic  compounds  while  the  bottom-up  method  is  for  the  inorganic 
compounds.  The  first  nanocrystals  that  were  approved  by  the  FDA  were  Emend, 
Rapamune,  and  Tricor  (Moschwitzer  and  Muller,  2006;  Shegokar  and  Muller,  2010). 


17*7  COMMERCIALLY  AVAILABLE  NANOPARTICLES  DELIVERY 

SYSTEMS 


Oral,  local,  topical,  and  systemic  (e.g.,  intravenous)  administrations  are  the  methods 
that  have  been  approved  by  the  FDA  for  the  delivery  of  NPs  and  microparticles,  depend¬ 
ing  on  the  targeted  site.  For  example,  oral  delivery  is  used  for  imaging  applications  (e.g., 
Gastromark).  Local  delivery  has  been  mainly  used  in  clinics  as  depot  delivery  systems  for 
the  extended  delivery  of  a  variety  of  biological  molecules  such  as  peptides  and  other  small 
molecules  (e.g.,  DepoCyt).  Topical  application  of  particles  has  been  applied  to  increase 
penetration  of  biologies  across  the  skin  barrier  (e.g.,  Estrasorb).  Systemic  delivery  of 
particles  has  been  approved  clinically  for  treating  a  variety  of  cancers  (e.g.,  Doxil,  Myocet) 
(Anselmo  et  al.,  2017).  In  the  following  sections,  a  number  of  the  commercially  available 
NPs  delivery  systems  will  be  discussed. 


17*7*1  PEGylated  Liposomes 

Liposomes  are  self-assembling  and  have  amphipathic  domains  surrounding  an  aque¬ 
ous  core.  They  chemically  allow  for  the  rapid  integration  of  multiple  molecules  with 
different  physicochemical  properties.  One  approach  is  to  improve  the  efficiency  and  tar¬ 
geting  of  the  drug  as  well  as  gene  delivery  to  cells,  and  tissues  are  PEGylation  of  the 
liposome  particles.  As  previously  mentioned,  liposomes  must  have  certain  properties  to 
be  effectively  utilized  to  deliver  adequate  concentrations  of  drugs  to  target  tissues  when 
administered  systematically.  For  example,  proteins  and  peptides  undergo  rapid  degrada¬ 
tion  and  quick  clearance  from  the  blood.  Hence,  to  enhance  the  longevity  of  their  circula¬ 
tion  in  the  bloodstream  it  is  necessary  to  increase  their  circulation  time.  Imparting 
"stealth"  properties  to  particles  by  coating  the  surface  of  the  therapeutic  agent  with  an 
inert  polymer  is  a  way  to  increase  the  circulation.  This  way  their  interactions  with  blood 
components  can  be  prevented  (Suk  et  al.,  2016;  Gabizon  et  al.,  2016).  The  term  "stealth" 
has  been  named  after  the  military  fighter  aircraft  that  can  avoid  radar  detection  as  the 
particles  can  evade  detection  and  clearance  by  the  reticuloendothelial  system  in  the 
blood  (Kim  et  al.,  2016). 

One  of  the  most  "stealth"  polymers  used  is  covalently  attached  polyethylene  glycol 
(PEG)  to  a  given  molecule  (known  as  "PEGylation").  Owing  to  its  safety  in  humans  it  has 
been  classified  as  Generally  Regarded  as  Safe  (GRAS)  by  the  FDA  (Suk  et  al.,  2016).  The 
covalent  linkage  protects  the  active  moiety  of  the  liposomal  particle  from  the  recipient's 
immune  system  resulting  in  reduced  immunogenicity  and  antigenicity  (Bulbake  et  al.. 
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2017).  PEGylation  can  be  processed  on  liposomes,  peptides,  carbohydrates,  enzymes, 
antibody  fragments,  nucleotides,  small  organic  molecules,  and  to  different  nanoparticle 
formulations  (Suk  et  al.,  2016).  PEG  chains  protect  liposomes  from  the  reticuloendothelial 
cells  (mononuclear  phagocyte  system)  by  building  a  protective  hydrophilic  film  on  the 
liposomal  surface  (Bozzuto  and  Molinari,  2015). 

PEGylation  alters  and  improves  the  pharmacokinetics  of  a  variety  of  drugs.  Recent 
studies  have  been  performed  on  the  fabrication  of  stimuli-sensitive  polymers /smart 
polymers  and  polymeric  micelles  to  cope  with  the  physiological  environment  of  targeted 
site  with  less  toxic  effects  and  more  effectiveness.  PEGylation  provides  the  ability  to 
enhance  the  retention  time  of  therapeutic  agents  such  as  proteins,  enzymes,  small  molecu¬ 
lar  drug,  and  liposomes  by  protecting  them  against  various  degrading  mechanisms  inside 
tissues  or  cells,  which  accordingly  improves  their  therapeutic  efficacy.  On  grounds  of  the 
success  of  PEGylation  of  particles  for  increasing  the  circulation  times,  it  led  to  investiga¬ 
tions  of  PEGylated  NPs  for  systemic  applications  in  the  early  1980s  and  1990s.  The  first 
FDA  approved  PEGylated  nanoparticle  product  (Doxil)  came  in  1995.  Doxil  is  the  trade 
name  for  PEGylated  liposomal  doxorubicin  formulated  to  attain  better  drug  efficacy  for 
cancer  chemotherapy.  It  contains  doxorubicin  (Adriamycin)  enclosed  in  an  80—90  nm  size 
unilamellar  liposome  coated  with  PEG.  PEGylated  liposomal  doxorubicin  is  less  toxic  in 
healthy  cells  than  conventional  doxorubicin  (Mishra  et  al.,  2016). 

Doxil  "stealth"  liposomes  increased  doxorubicin  bioavailability  about  90-fold  at  1  week 
from  injection  versus  free  drug  with  a  drug  half-life  of  72  h  and  circulation  half-life  of 
36  h.  Doxil  was  shown  to  provide  a  long  circulation  half-life  of  around  3—4  days 
(Suk  et  al.,  2016).  Single-dose  vials  of  20  mg/10  mL  and  50  mg/25  mL  are  available  and 
administered  at  a  starting  rate  of  1  mg/min  via  i.v.  infusion  to  minimize  the  risk  of  infu¬ 
sion  reactions  (Bulbake  et  al.,  2017). 

Due  to  the  advantageous  properties  of  liposomes  from  prolonging  the  circulation  life¬ 
time  to  solubilizing  therapeutic  loads,  it  has  gained  clinical  approval  for  production  of 
formulations  used  for  fungal  infections,  hepatitis  A,  multiple  sclerosis,  and  end-stage 
renal  disease.  Reduced  cardiotoxicity  was  observed  in  patients  after  administering  lipo¬ 
somal  doxorubicin  as  compared  with  those  undergoing  treatment  with  conventional 
treatments.  This  facilitates  prolonged  lifetime  and  the  ability  of  the  particles  to  extrava- 
sate  to  their  sites  of  action  leading  to  enhanced  safety  and  tolerability  of  these  drug- 
containing  nanocarriers.  And  the  diminished  patient  morbidity  led  to  the  US  FDA 
approval  of  PEGylated  liposomal  doxorubicin  (PLD)  (DOXIL /Caelyx)  to  treat  Kaposi's 
sarcoma  in  patients  with  AIDS  and  recurrent  ovarian  cancer  in  1995.  However,  patient 
responses  remained  modest  and  these  formulations  only  offered  marginal  improve¬ 
ments  over  conventional  treatments.  They  also  faced  a  series  of  biological  barriers  that 
limited  their  bioavailability.  Moreover,  a  significant  incidence  of  stomatitis  in  clinical 
trials  by  the  use  of  PEGylated  liposomes  (Doxil  and  Lipodox)  has  been  reported 
(Blanco  et  al.,  2015). 

Reagents  such  as  DSPE— PEG  containing  a  carbamate  or  urethane  linkage  have  been 
used  to  prepare  PEGylated  liposomes.  Furthermore,  lipophilic  compounds  carrying  reac¬ 
tive  groups  such  as  amino  and  carboxyl  groups  can  also  be  used  as  sites  for  PEGylation  of 
liposomes.  Around  500—2000  reactive  functional  groups  can  be  introduced  for  reacting 
with  various  PEGylating  agents  (Kolate  et  al.,  2014).  There  are  a  variety  of  lipid-based 
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nanocarriers,  however,  the  most  frequently  investigated  are  liposomes  (closed  phospho¬ 
lipid  bilayers)  and  micelles  (normal  phase,  oil-in- water  micelles)  (Wicki  et  al.,  2015).  The 
encapsulation  of  chemotherapeutic  agents  into  phospholipid-based  NPs  (e.g.,  liposomes) 
significantly  reduces  the  toxicity  and  simultaneously  increases  their  accumulation  into 
solid  tumors  (Hadjidemetriou  et  al.,  2016). 

Synthetic  modifications  of  the  terminal  PEG  molecule  with  ligands  (e.g.,  monoclonal 
antibodies  and  peptides)  further  promote  selective  accumulation  in  the  tumor  tissue. 
Removal  of  liposomes  is  done  by  cells  of  the  mononuclear  phagocyte  system  (MPS)  that 
recognize  opsonins  (e.g.,  immunoglobulins)  and  complement  proteins  (e.g.,  C5b-9  com¬ 
plexes),  which  bind  to  the  liposome's  surface.  The  most  recently  approved  liposomal  drug 
carrier  is  Onivyde  (liposomal  irinotecan),  which  is  a  topoisomerase  I  inhibitor  that  is  based 
on  passive  targeting.  Onivyde  has  been  approved  as  a  second-line  treatment  for  metastatic 
pancreatic  cancer.  Patients  given  Onivyde  in  addition  to  fluorouracil  and  folinic  acid  were 
observed  to  have  a  6.1 -month  median  survival  versus  4.2  months  if  liposomal  irinotecan 
formulation  is  added.  PEGylated  liposomes  are  also  adopted  for  the  delivery  of  other 
drugs  such  as  Ambisome,  an  amphotericin  B  to  treat  fungal  infections,  and  Visudyne  for 
delivering  verteporfin  for  wet  macular  degeneration.  Some  liposome  systems  are  in 
their  clinical  trial  phase.  Thermodox  is  an  example  of  a  liposome  bound  doxorubicin  that 
is  similar  to  Doxil  but  is  formulated  with  thermally  sensitive  lipids  that  degrade  the 
bilayer  when  exposed  to  high  heat  (Bobo  et  al.,  2016).  Few  examples  of  commercially  avail¬ 
able  liposomes  are  PEGylated  liposomes  (Lipodox),  temperature  sensitive  liposomes 
(ThermoDox),  cationic  liposomes  (EndoTAG-1),  and  liposomal  vaccines  (Epaxal  and 
Inflexal  V)  (Bulbake  et  al.,  2017). 

Albeit,  PEGylation  aids  in  improving  the  half-life  of  liposomes  by  prolonging  their 
circulation  time  and  protecting  them  from  RES.  The  preparation  of  effective  PEGylated 
liposomes  is  not  simple  and  several  factors  ought  to  be  taken  into  consideration  to  prepare 
effective  PEGylated  liposome  nanocarriers.  Each  PEG  polymer  chain  possesses  a  Flory 
dimension  (Rf)  representing  the  volume  occupied  by  a  single  polymer  chain  (Wang  and 
Thanou,  2010).  This  value  is  influenced  by  both  the  polymer  chain  length  and  the  PEG 
density  on  the  liposomal  surface.  The  density  of  PEG  also  has  an  influence  on  the  distance 
between  each  individual  PEG  polymer  (D).  For  example,  an  increase  in  the  PEG-lipid  con¬ 
centration  in  the  formulation  increases  the  surface  PEG  density,  and  ultimately  decreases 
D  (Yingchoncharoen  et  al.,  2016). 


17*7*2  Albumin-Bound  Paclitaxel  Nanoparticles 

Albumin  has  multiple  specific  and  nonspecific  binding  sites  for  hydrophobic  molecules. 
It  binds  to  a  large  number  of  therapeutic  agents,  for  example,  sulfonamides,  warfarin, 
penicillin,  and  paclitaxel.  Moreover,  albumin  highly  accumulates  in  tumor  tissues  either 
due  to  the  leaky  capillary  system  and  defective  lymphatic  drainage  of  tumors  or  through 
an  active  caveolae-mediated  transport  process  across  tumor  blood  vessel  endothelium. 
Albumin  is  taken  up  by  proliferating  tumor  cells  via  endocytosis  and  macropinocytosis. 
Thereafter,  it  is  catabolized  by  lysosomal  degradation  to  support  de  novo  protein  synthe¬ 
sis,  energy  use,  and  tumor  growth. 
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Effective  delivery  of  hydrophobic  drugs  by  the  usage  of  albumin  NPs  has  always 
been  a  challenge.  Paclitaxel  is  a  primary  example  wherein  its  pharmacokinetics  and 
pharmacodynamics  are  improved  and  hydrophobicity  is  decreased  (Schiff  et  al.,  1979; 
Bernabeu  et  al.,  2017).  The  conventional  paclitaxel  was  first  manufactured  by  Bristol- 
Myers  Squibb  under  the  name  Taxol,  which  consists  of  paclitaxel  dissolved  in  a  solvent 
(Cremophor  EL,  polyoxyethylated  castor  oil)  and  ethanol. 

Nanoparticulate  albumin-bound  (Nab)  technology-paclitaxel  (Abraxane,  an 
injectable  suspension)  was  developed  to  increase  the  efficacy  and  reduce  the  toxicities 
associated  with  conventional  solvent-based  paclitaxel.  Nab-paclitaxel  has  been  approved 
for  the  treatment  of  patients  with  metastatic  breast  cancer,  locally  advanced  or  metastatic 
nonsmall  cell  lung  cancer,  metastatic  adenocarcinoma  of  the  pancreas,  and  advanced 
gastric  cancer.  Nab-Paclitaxel  NPs  are  composed  of  complex  three-dimensional  struc¬ 
tures  comprised  of  paclitaxel  in  a  noncrystalline  amorphous  state  and  human  albumin 
with  a  particle  size  of  approximately  130  nm. 

Albumin  has  more  than  six  specific  and  nonspecific  sites  that  can  bind  paclitaxel.  Both 
amorphous  and  noncrystalline  paclitaxel  are  entrapped  into  layers  of  cross-linked  albumin 
nanoparticulate  systems  (Sofias  et  al.,  2017).  Nab-paclitaxel  NPs  dissolves  into  smaller  NPs 
and  eventually  to  albumin-bound  paclitaxel  complexes  and  a  fraction  of  unbound 
paclitaxel.  Following  the  dissociation,  albumin-paclitaxel  complexes  use  the  transport 
properties  of  albumin  to  distribute  into  tissues  and  tumors.  The  enhanced  permeability 
and  retention  (EPR)  effect  has  been  utilized  to  enhance  distribution  of  macromolecules 
and  NPs  into  tumors.  The  blood  vessels  of  proliferating  tumors  have  structural  defects 
with  fenestrations  between  0.2  and  1.2  pm.  These  proliferating  tumors  are  highly  perme¬ 
able  to  macromolecules  such  as  albumin  and  NPs  with  sizes  below  200  nm.  Due  to  the 
unique  albumin-based  nanoparticle  formulation  and  mechanism  of  action,  nab-paclitaxel 
shows  distinct  pharmacokinetic  and  distribution  profiles  as  compared  with  conventional 
CrEL-paclitaxel  (Sofias  et  al.,  2017;  Viudez  et  al.,  2014). 

In  both  preclinical  and  clinical  studies,  nab-paclitaxel  exhibits  a  linear  pharmacoki¬ 
netic  with  rapid  tissue  distribution  and  increased  volume  of  distribution.  The  concen¬ 
tration  of  CrEL  increases  with  higher  doses  of  CrEL-paclitaxel  leading  to  a  greater 
inhibitory  effect  on  paclitaxel  binding  to  albumin  and  tissue  distribution.  This  is  why 
CrEL-paclitaxel  shows  slower  tissue  distribution  and  a  nonlinear  pharmacokinetic  pro¬ 
file  (Desai,  2016). 

Protein-based  NPs  earned  remarkable  interest  due  to  their  biodegradable  properties, 
easy  production  with  controllable  size  distribution,  decreased  toxicity  and  immunogenic- 
ity,  biocompatibility,  ability  to  hold  a  variety  of  drug  molecules,  and  improving  the 
solubility  of  drugs.  This  leads  to  enhanced  bioavailability  due  to  controlled  release, 
enhanced  circulation  time  in  vivo  and  property  of  preferential  uptake  by  tumor,  and 
inflamed  tissue.  A  variety  of  nanoparticulate  systems  have  been  developed  based  on 
proteins  such  as  albumin  (e.g.,  human  serum  albumin,  bovine  serum  albumin,  and  ovalbu¬ 
min),  gelatin,  apotransferrin,  lactoferrin,  fibrinogen,  ferritin,  heat  shock  protein  (Hsp),  viral 
nanoparticle  such  as  cowpea  chlorotic  mottle  virus  (CCMV),  cowpea  mosaic  virus 
(CPMV),  lectin,  collagen,  milk  proteins  (e.g.,  casein,  whey  proteins),  silk  proteins,  elastin, 
zein,  gliadin,  soy  proteins,  etc.  (Montenegro  et  al.,  2016). 
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Nab-paclitaxel  is  a  next-generation  taxane  that  is  formulated  with  human  serum  albu¬ 
min  (HSA)  to  create  soluble  NPs,  producing  higher  unbound  paclitaxel  concentration  and 
greater  accumulation  around  tumors  as  compared  with  paclitaxel  (Goyal  et  al.,  2017). 
Taxanes  are  an  important  class  of  antitumor  agents  using  solvent-based  delivery  vehicles. 
They  are  an  extract  from  Taxus  brevifolia  obtained  in  a  pure  form  in  1969  but  its  structure 
was  published  not  published  until  1971  (Cucinotto  et  al.,  2013). 

Nab-paclitaxel  (Abraxane)  was  designed  to  enhance  the  therapeutic  index  of  conven¬ 
tional  taxanes  and  represents  a  significant  advance  in  taxane  therapy  (Arpino  et  al.,  2016). 
The  transport  of  albumin-bound  paclitaxel  across  the  tumor  endothelium  is  facilitated  by 
glycoprotein  60  and  caveolin-1 -mediated  transcytosis.  The  albumin-binding  protein 
SPARC  (secreted  protein,  acidic  and  rich  in  cysteine)  enhances  tumoral  accumulation  of 
nab-paclitaxel.  Compared  with  solvent-based  taxanes,  nanoparticulate  albumin-bound 
paclitaxel  has  displayed  improved  efficacy  and  tolerability  in  several  solid  tumor 
malignancies  (Goyal  et  al.,  2017). 

The  FDA  approved  Abraxane  is  a  landmark  of  nab-technology.  Currently,  many  other 
nab  drugs  are  under  investigation  including  ABI-009  (nab-rapamycin)  and  ABI  008  (nab- 
docetaxel)  (Montenegro  et  al.,  2016).  Nab-paclitaxel  is  currently  used  in  the  United  States 
as  first-line  combination  therapy  with  gemcitabine  for  metastatic  adenocarcinoma  of  the 
pancreas.  The  utilization  of  nab-paclitaxel  in  combination  with  gemcitabine  was  based  on 
molecular  profiling  of  pancreatic  cancer  tumors,  which  identified  overexpression  of  the 
secreted  protein,  which  is  acidic  and  rich  in  cysteine,  an  albumin-binding  protein 
(Hoffman  and  Bouvet,  2015).  Nab-paclitaxel  was  found  to  have  a  higher  plasma  clearance 
and  a  larger  volume  of  distribution  (Wang,  Langer  and  Farokhzad,  2012). 


17*7*3  Liposome-Encapsulated  Doxorubicin 

Liposome-encapsulated  doxorubicin  was  first  developed  in  1965.  There  are  more  than 
11  liposomal  formulations  approved  for  clinical  use  with  many  more  in  clinical  and 
preclinical  development.  Depending  on  the  design,  liposomes  can  range  in  size  from  tens 
of  nanometers  up  to  micrometers  in  size.  Anthracyclines  are  a  class  of  antibiotic  chemo¬ 
therapy  derived  from  Streptomyces  bacteria.  The  anthracyclines  are  very  effective  against  a 
wide  range  of  cancers,  including  leukemias  and  lymphomas  as  well  as  breast,  ovarian, 
and  lung  cancers.  Members  of  this  class  include  doxorubicin,  daunorubicin,  epirubicin, 
and  idarubicin.  Doxorubicin  being  a  potent  and  broad-spectrum  anticancer  drug,  is 
most  commonly  used  for  many  cancers  including  acute  myeloid  leukemia,  Hodgkin's  lym¬ 
phoma,  breast  cancer,  and  soft  tissue  sarcomas  (Wang,  Langer  and  Farokhzad,  2012; 
Alrbyawi,  2016). 

Doxorubicin's  main  side  effect  is  irreversible  cardiac  toxicity,  which  is  also  its  dose- 
limiting  toxicity.  This  is  due  to  the  interaction  of  positive  charge  in  doxorubicin  and  nega¬ 
tively  charged  cardiolipin,  which  is  abundant  in  heart  tissue  (Fan  and  Zhang,  2013).  The 
mechanism  of  anthracycline-related  cardiotoxicity  involves  the  formation  of  free  radicals 
that  cause  lipid  peroxidation  leading  to  a  dose-dependent  cardiomyopathy  and  congestive 
heart  failure.  It  can  appear  during  treatment  either  at  the  end  of  therapy  or  even  years 
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after  the  end  of  anthracycline  therapy  (Lorusso  et  al.,  2014).  This  damage  results  in  the 
dangerous  cumulative  dose-dependent  cardiotoxicity  (i.e.,  irreversible  congestive  failure). 
Other  side  effects  of  doxorubicin  include  severe  myelosuppression,  nausea  and  vomiting, 
and  mucocutaneous  toxicities.  Therefore,  liposomal  formulations  were  proposed  to  over¬ 
come  these  toxicities  (Fan  and  Zhang,  2013). 

Liposomal  anthracyclines  were  the  first  nanoparticle  therapeutics  approved  for  clinical 
use.  There  are  three  clinically  approved  liposomal  formulations  of  anthracyclines,  that  is, 
PEGylated  liposomal  doxorubicin  (PLD;  DOXIL  in  the  United  States,  Caelyx  elsewhere), 
non-PEGylated  liposomal  doxorubicin  (NPLD;  Myocet),  and  liposomal  daunorubicin 
(DaunoXome).  These  formulations  differ  in  their  size,  lipid  composition,  the  rate  of  drug 
release  and  biodistribution.  Thus,  their  clinical  results  cannot  be  decided  from  one  to 
another  (Wang,  Langer  and  Farokhzad,  2012).  Liposome-encapsulated  doxorubicin  citrate 
(Myocet)  is  a  unique  liposome-encapsulated  formulation  of  doxorubicin.  It  was  used  to 
reduce  the  cardiotoxicity  associated  with  the  conventional  formulations  of  doxorubicin 
without  affecting  its  antitumor  efficacy.  This  formulation  has  shown  a  similar  efficacy  of 
conventional  doxorubicin  (Eitan  et  al.,  2014).  Since  the  first  doxorubicin  liposome  reached 
the  market,  many  types  of  research  have  been  made  to  develop  new  liposomal  formula¬ 
tions  over  the  past  decade.  Most  of  these  are  anticancer  drugs,  which  are  encapsulated  in 
the  aqueous  core  or  lipid  bilayers  of  liposomes  to  improve  their  delivery  to  the  targeted 
tissue  or  cell. 

Doxorubicin  has  two  main  mechanisms  of  actions:  (1)  it  inhibits  DNA  and  RNA  synthe¬ 
sis  by  inserting  in  base  pairs  of  DNA  strands  and  hence,  preventing  the  replication  and 
transcription  in  rapidly  growing  cancer  cells;  and  (2)  it  inhibits  the  enzyme  topoisomerase 
II,  which  is  an  additional  way  for  blocking  DNA  transcription  and  replication.  At  first, 
liposomal  doxorubicin  was  prepared  to  be  negatively  charged,  medium-size  oligolamellar 
liposomes  in  which  the  drug  was  passively  entrapped  by  the  lipid  hydration  method.  But 
this  formulation  failed  in  clinical  trials  mainly  due  to  the  rapid  drug  release  and  clearance 
by  the  reticuloendothelial  system.  "Remote  loading"  was  then  used  to  improve  the  drug 
loading  efficiency  and  formulation  stability.  Thus,  producing  Myocet  and  Doxil  in  which 
doxorubicin  was  loaded  by  a  pH  or  ammonium  gradient,  respectively.  A  major  advantage 
of  Doxil  over  Myocet  is  the  coating  with  PEG,  which  significantly  improves  its  pharmaco¬ 
kinetic  profile  (Fan  and  Zhang,  2013;  Yuan  et  al.,  2017). 

The  formulation  of  doxorubicin  encapsulated  liposomes  consists  of  encapsulation  of 
water-soluble  doxorubicin  within  a  phospholipid  membrane  to  prevent  doxorubicin  from 
exiting  the  circulation  through  the  capillary  junctions  in  healthy  tissues.  Contrarily,  the 
liposome  encapsulated  drug  appears  to  easily  pass  through  the  damaged  capillaries  of 
tumor  tissues.  Therefore,  liposome  encapsulated  doxorubicin  does  not  easily  reach  heart 
tissue  and  a  higher  cumulative  dose  of  liposome-encapsulated  doxorubicin  can  be  deliv¬ 
ered  to  the  patient  (LORUSSO  et  al.,  2014). 

The  most  frequent  drawback  of  doxorubicin  is  the  onset  of  drug  resistance.  Being  a 
substrate  for  several  ATP-binding  cassette  (ABC)  membrane  transporters  such  as 
P-glycoprotein  (due  to  the  active  efflux  by  this  transporter),  multidrug-resistance  related 
protein-1  and  -2  and  breast  cancer  resistance  protein,  the  drug  is  actively  ejected  from  cells 
overexpressing  these  pumps  and  has  a  low  intracellular  retention.  Studies  have  shown 
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that  doxorubicin-loaded  liposomes  have  been  reported  to  be  effective  against  aggressive 
tumors  like  breast  and  ovary  metastatic  cancers  and  recurrent  glioblastoma.  Liposomes 
have  several  advantages  in  comparison  with  nonencapsulated  chemotherapeutic  drugs  as 
follows: 

•  preferential  accumulation  within  cancer  tissues 

•  less  clear  than  free  drugs 

•  can  be  conjugated  with  specific  ligands  of  tumor-associated  receptors 

•  can  be  loaded  with  multiple  anticancer  drugs  and  chemosensitizers 

•  can  be  designed  to  employ  the  maximal  activity  at  the  intracellular  pH  of  tumors 

Liposome-encapsulated  drugs  also  show  a  good  efficacy  against  drug-resistant  tumors 
(Riganti  et  al.,  2011;  Ansari  et  al.,  2017). 


17*7*4  Liposome-Encapsulated  Daunorubicin 

Several  nanomedicines  have  entered  clinical  use  including  liposomal  daunorubicin 
(DaunoXome).  DaunoXome  is  composed  of  daunorubicin  entrapped  in  small  unilamellar 
vesicles  together  with  distearoyl  phosphatidylcholine  and  cholesterol  in  2:1  molar  ratio 
(Fassas  et  al.,  2002;  Jabir  et  al.,  2018).  In  clinics,  nanoparticle  localization  in  solid  human 
tumors  after  systemic  administration  of  cancer  patients  have  been  demonstrated. 
Daunorubicin  (DaunoXome)  is  approved  for  more  restricted  indications  (e.g.,  Kaposi's 
sarcoma)  (Marchal  et  al.,  2015). 

DaunoXome  is  a  non-PEGylated  liposomal  formulation  of  daunorubicin.  Many  clinical 
trials  for  Doxil  and  DaunoXome  display  comparable  survival  rates  eps.  The  cardiotoxicity 
associated  with  free  doxorubicin  and  daunorubicin  is  highly  reduced.  DaunoXome  is 
designed  to  be  phagocytosed  by  monocytes  in  the  circulation  allowing  the  liposomes  to  be 
targeted  by  the  MPS.  This  avoids  high  plasma  concentrations  and  provides  a  reservoir 
from  which  the  free  drug  can  enter  the  circulation  (Dawidczyk  et  al.,  2014).  Liposomal  for¬ 
mulations  such  as  doxorubicin  (Doxil,  Myocet)  and  daunorubicin  (DaunoXome)  are 
approved  for  the  treatment  of  metastatic  breast  cancer  and  AIDS-related  Kaposi's  sarcoma 
(Meng  et  al.,  2016). 

Their  anticancer  mechanism  involves  inhibition  of  topoisomerase  II,  DNA  damage, 
and  generation  of  reactive  oxygen  species  (ROS)  resulting  in  targeted  eradication  of 
leukemic  cells.  The  liposomal  encapsulation  of  daunorubicin  highly  reduces  cytotoxicity, 
enhances  intracellular  accumulation,  and  controls  ROS  production  and  ATP  depletion. 
As  the  liposomal  modification,  daunorubicin  evades  dose-dependent  toxic  effects. 
Additionally,  it  also  offers  several  therapeutic  advantages,  for  example,  increased  plasma 
drug  concentration,  improved  drug  delivery,  effective  tumor  targeting,  and  increased 
efficacy  (Chang  et  al.,  2012;  Forssen  and  Ross,  1994;  Jabir  et  al.,  2018).  Preclinical 
studies  revealed  increased  tissue  concentrations  of  daunorubicin  in  tumor  tissues. 
DaunoXome  has  been  reported  for  enhanced  efficacy  in  in  vitro  and  in  vivo  models  and 
in  multidrug-resistant  cell  lines.  It  also  suggested  as  a  useful  therapeutic  for  acute 
myeloid  leukemia  (AML)  in  elderly  patients.  It  is  used  as  a  single  agent  or  in 
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combination  with  cytarabine  in  recently  diagnosed  AML  patients  and  in  patients  with 
resistant  or  relapsed  AML.  Furthermore,  DaunoXome  has  also  been  reported  to  increase 
survival  rates  when  used  in  combination  with  photoimmunotherapy  in  mice  models 

(Jabir  et  al.,  2018;  Sano  et  al.,  2014). 


17*8  COMMENTARY  ON  HURDLES  IN  CLINICAL  TRANSLATION  OF 
VARIOUS  NANOTECHNOLOGY  PRODUCTS 


Research  regarding  nanoconstructs  development  in  the  cancer  treatment  field  has  wit¬ 
nessed  a  noticeable  increase  after  discovery  of  the  EPR  effect.  However,  the  number  of 
anticancer  drugs  that  actually  reached  the  market  was  considered  extremely  low,  as  out  of 
200,000  anticancer  drugs  only  15  made  it  by  2017  (Greish  et  al.,  2018).  The  reasons  why 
most  of  the  nanomedicines  cannot  even  reach  the  market  are  the  hardship  or  inability  to 
maintain  detailed  characterization  of  these  products,  unsuccessful  manufacturing  on  large 
scales,  and  issues  in  their  safety  and  efficacy.  These  hurdles  require  many  developmental 
processes  to  overcome  them  including  a  precise  understanding  of  every  component 
and  all  the  possible  interactions  between  them,  determination  of  key  characteristics  to 
understand  in  which  possible  ways  they  affect  performance,  and  the  extent  of  it.  If  key 
characteristics  can  be  replicated  under  manufacturing  conditions  (scaling  up),  the 
efficacy  of  targeting  at  the  site  of  action  and  their  stability  and  sterility  can  be  enhanced 
and/or  assessed  (Desai,  2012).  The  majority  of  these  hurdles  are  summarized  in  Table  17.5 
(Tinkle  et  al.,  2014). 

One  of  the  major  concerns  related  to  NPs  is  their  potential  incompatibility  and  toxicity. 
Studies  showed  that  inhaling  NPs  can  cause  pulmonary  inflammation  as  well  as  inducing 
endothelial  dysfunction  that  might  lead  to  further  complications  in  the  cardiovascular  sys¬ 
tem.  A  study  for  evaluation  of  iron  oxide  toxicity  showed  that  monocyte-mediated  dissolu¬ 
tion  and  phagocytosis  of  the  NPs  have  caused  severe  endothelial  toxicity  by  initiating 
oxidative  stress.  Nanomaterials  used  in  oral  DDS  have  been  shown  to  accumulate  in 
hepatic  cells,  which  might  induce  the  immune  response  and  eventually  cause  permanent 
damage  to  the  liver.  The  accumulation  of  NPs  in  cells  has  been  found  to  cause  cancer  by 
transforming  cells  into  the  tumorous  state  (Jain  et  al.,  2018;  Riehemann  et  al.,  2009).  Thus, 
handling  these  nanosystems  requires  special  equipment  and  caution,  which  increases 
the  cost  of  the  production  process  and  requires  further  investigations  of  the  safety  of 
nanomaterials  to  have  a  better  understanding  and  optimize  safety  during  manufacturing 
(Hammed  et  al.,  2016).  Production  of  NPs  in  the  laboratory  often  requires  complex, 
multistep  synthesis  processes  to  yield  the  nanomaterials  with  the  required  properties. 
Aside  from  the  complexity  of  the  process,  controlling  conditions  such  as  temperature  and 
concentrations  precisely  is  significant  to  achieve  homogeneity  of  NPs  in  terms  of  desired 
characteristics.  However,  retaining  temperature  and  concentration  in  large  systems  is 
harder  to  achieve  resulting  in  NPs  with  different  characteristics  (Gomez  et  al.,  2014). 

NPs  tend  to  aggregate  forming  clusters  with  several  microns  in  size.  Aggregation 
of  NPs  alters  their  characteristics  such  as  reactivity,  transport,  toxicity,  and  risk  in  the 
environment.  Dissolution  reduces  when  aggregation  occurs  due  to  the  decrease  in 
available  surface  area  that  will  eventually  reduce  the  activity  of  NPs.  For  example. 
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TABLE  17.5  Major  Hurdles  That  Face  the  Commercialization  of  Nanomedicine 

•  Lack  of  standard  "nano"  nomenclature:  imprecise  definition  for  nanomedicines 

•  Currently  used  compounds /components  for  nanodrug  synthesis  often  pose  problems  for  large-scale  good 
manufacturing  (cGMP)  production 

•  Lack  of  precise  control  over  nanoparticle  manufacturing  parameters  and  control  assays 

•  Lack  of  quality  control:  issues  pertaining  to  separation  of  undesired  nanostructures  (byproducts,  catalysts, 
starting  materials)  during  manufacturing 

•  Reproducibility  issues:  control  of  particle  size  distribution  and  mass 

•  Scalability  complexities:  enhancing  the  production  rate  to  increase  yield 

•  High  fabrication  costs 

•  Lack  of  rational  preclinical  characterization  strategies  via  multiple  techniques 

•  Biocompatibility,  biodistribution  and  toxicity  issues:  lack  of  knowledge  regarding  the  interaction  between 
nanoparticles  and  biosurfaces /tissues 

•  Consumer  confidence:  the  public's  general  reluctance  to  embrace  innovative  medical  technologies  without 
clearer  safety  or  regulatory  guidelines 

•  The  relative  scarcity  of  venture  funds 

•  Ethical  issues  and  societal  issues  are  hyped  up  by  the  media 

•  Big  Pharma's  continued  reluctance  to  seriously  invest  in  nanomedicine 

•  Patent  review  delays,  patent  thickets,  and  issuance  of  invalid  patents  by  the  US  Patent  and  Trademark  Office 

•  Regulatory  uncertainty  and  confusion  due  to  "baby  steps"  undertaken  by  US  Food  and  Drug  Administration: 
a  lack  of  clear  regulatory/ safety  guidelines 


dechlorination  rate  of  CT  (carbon  tetrachloride)  by  magnetite  NPs  has  shown  to  decrease 
when  aggregation  of  the  NPs  increases  resulting  in  an  inverse  relationship  between 
dechlorination  rate  of  carbon  tetrachloride  and  aggregation  of  magnetite  NPs  (Hotze  et  al., 
2010;  Hou  and  Jafvert,  2009). 

All  these  requirements  are  extremely  important  because  the  majority  of  the  nanomedi¬ 
cines  have  failed  to  reach  the  commercialization  step  even  though  their  efficacy  in  animal 
models  was  considerably  high.  Due  consideration  must  be  given  regarding  the  several 
difficulties  such  as  their  low  targeting,  low  safety,  low  efficacy,  heterogeneity  of  disease 
between  individuals,  inability  to  scale-up  successfully,  and  unavailability  in  determining  a 
convenient  characterization  methods  (Agrahari  and  Agrahari,  2018;  Hare  et  al.,  2017;  Kaur 
et  al.,  2014).  These  hurdles  that  face  the  research  process  of  accelerated  translation  are 
summarized  in  Fig.  17.8  (Satalkar  et  al.,  2016). 

Therefore,  more  understanding  in  all  aspects  of  nanomedicine  production,  characteriza¬ 
tion,  and  clinical  processes  must  be  fulfilled  to  control  and  improve  the  development 
processes,  and  increase  the  efficacy  of  the  translational  methods.  Other  significant  hurdles 
hindering  clinical  translation  are  the  insignificant  incentives  regarding  technology  transfer, 
as  well  as  socioeconomic  uncertainties  along  with  the  safety  problems  faced.  In  the 
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FIGURE  17.8  Major  issues  that  face  accelerated  translation  process  of  nanoparticles.  Source:  Reprinted  with  per¬ 
mission  from  Satalkar,  P.,  Eiger ,  B.f  Hunziker,  P.,  Shaw ,  D.,  2016.  Challenges  of  clinical  translation  in  nanomedicine:  a 
qualitative  study.  Nanomed.  Nanotechnol.,  12(4),  893—900. 


majority  of  cases,  consideration  of  commercialization  aspects  in  early  stages  of  develop¬ 
ment  is  hardly  even  considered  thus  eliminating  the  market-oriented  development 

(Rosslein  et  al.,  2017). 


17*8*1  Formulation-Related  Hurdles 

Nanomedicines  face  tough,  challenging  concerns  when  it  comes  to  determining  the 
applicable  analytical  tests  in  terms  of  chemical,  physical,  or  biological  characterization. 
This  is  mainly  achieved  due  to  their  complex  nature  in  comparison  with  other  pharmaceu¬ 
tical  products.  Hence,  there  is  a  need  for  more  complex  and  advanced  levels  of  testing  to 
ensure  a  full  accurate  characterization  of  nanomedicine  products.  Quantification  of 
each  component  of  nanomedicine  is  considered  essential  alongside  the  identification  and 
evaluation  of  interactions  between  them.  For  more  possibility  in  achieving  successful 
manufacturing  processes  with  reproducibility,  these  products  should  be  investigated  and 
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understood  more  during  the  early  developmental  stages  to  identify  their  key  characteris¬ 
tics.  The  challenges  for  nanomedicine  during  scale-up  and  manufacturing  are  considered 
relatively  unique  because  other  pharmaceutical  manufacturing  processes  systems  are  not 
three-dimensional  multicomponent  in  nature  on  the  nanometer  scale.  Therefore,  a  certain 
series  of  obstacles  in  the  scale-up  process  is  required.  To  reach  the  desired  safety,  pharma¬ 
cokinetic  and  pharmacodynamic  parameters  to  produce  the  therapeutic  effect  are  needed. 
These  are  further  determined  by  the  proper  selections  of  the  essential  components,  deter¬ 
mination  of  the  critical  manufacturing  steps,  and  key  characteristics  identification.  Several 
methods  of  orthogonal  analysis  are  essential  for  in-process  quality  controls  of  nanoparticle 
products  and  any  deviations  from  key  parameters  could  result  in  a  significant  negative 
impact  on  both  the  safety  and  efficacy  of  nanomedicines  (Desai,  2012). 

Each  step  in  the  manufacturing  process  of  NPs  must  be  understood  extensively  with 
the  need  of  experienced  technicians.  The  development  process  also  requires  more  enhance¬ 
ments  in  both  complexity  and  cost.  Inadequate  data  regarding  scaling-up  processes  of 
nanomedicine  products  is  a  major  concern  in  the  commercialization  step  as  there  are  only 
a  few  reports  supporting  scaling-up  developments.  Many  formulation  methods  have  been 
developed  for  manufacturing  nanomedicine  products.  The  most  common  methods  are 
nanoprecipitation  and  emulsion-based  approaches.  Generally,  formulations  are  prepared 
either  by  precipitating  the  dissolved  molecules  (bottom-up  method)  or  by  reducing  the 
size  of  larger  drug  particles  (top-down  method).  Removal  of  the  solvent  in  the  bottom-up 
method  is  not  an  easy  process  and  it  cannot  be  controlled  well  either,  thus  explaining  why 
this  method  is  less  often  applied  in  industrial  manufacturing  (Agrahari  and  Agrahari, 
2018;  Vauthier  and  Bouchemal,  2009).  Investments  in  innovative  projects  face  several 
issues  with  the  major  one  being  the  knowledge  that  should  be  obtained  from  the  innova¬ 
tion.  Its  confidentiality  is  easily  breached  when  a  company  uses  that  knowledge  as  it  can¬ 
not  prevent  other  companies  from  using  it.  Thus,  investors  are  not  attracted  to  this  type  of 
project  because  the  total  return  on  the  investment  cannot  be  easily  appropriated  (Morigi 
et  al.,  2012). 

The  complexities  in  formulating  nanoproducts  on  large  scales  are  due  to  the  inability  of 
optimization  of  formulation  processes  and  achieving  reproducibility.  Whereas  formulation 
steps  including  size  reduction,  homogenization,  centrifugation,  sonication,  solvent  evapo¬ 
ration,  lyophilization,  extrusion,  and  sterilization  can  be  easily  optimized  on  small-scales, 
it's  still  a  challenging  process  on  large-scales.  Accordingly,  variations  between  batches  can¬ 
not  be  controlled  sufficiently  thereby  limiting  the  possibility  of  nanomedicine  to  get 
through  commercial  translation  (Anselmo  et  al.,  2017;  Desai,  2012). 

Another  problem  is  that  even  slight  changes  in  either  the  formulation  or  the 
manufacturing  process  can  have  a  significant  effect  on  the  nanomedicine  physiochemical 
properties  (crystallinity,  size,  surface  charge,  release  profile),  which  will  ultimately 
influence  the  therapeutic  outcome.  Most  of  the  pharmaceutical  industrial  facilities  cannot 
manufacture  nanomedicines  because  of  the  lack  of  the  right  equipment  for  the  process.  As 
nanomedicine  manufacturing  usually  involves  the  use  of  organic  solvents,  the  ability  to 
correctly  process  and  handle  nanoproducts  is  crucial  to  control  their  safety  and  sterility 
(Anselmo  et  al.,  2017;  Desai,  2012;  Kaur  et  al.,  2014).  These  steps  require  an  expensive  and 
complicated  equipment,  well-trained  staff,  and  precise  control  to  get  the  required  product 
in  the  right  quality  (Desai,  2012;  Kaur  et  al.,  2014;  Ragelle  et  al.,  2017). 
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17*8*2  Regulatory-Related  Hurdles 

To  date,  only  58  nanoformulations  are  approved  based  on  their  clinical  efficacy  but 
only  a  quarter  of  them  are  meant  for  cancer  treatment.  Majority  of  the  nanoformulations 
could  not  even  be  reproduced  successfully  due  to  several  factors  including  the  study 
design,  overall  analysis,  protocols,  data  collection,  and  the  quality  and  purity  of  materials 
used.  Besides,  the  poor  establishment  of  the  correlation  and  prediction  of  safety  and  effi¬ 
cacy  of  the  nanomedicine  on  patients  hinders  the  successful  DDS.  Targeting  and  drug 
accumulation  of  anticancer  drugs  in  the  site  of  action  is  considered  relatively  poor  in 
mouse  models.  Many  nanoformulations  were  faced  with  failure  in  different  clinical  trial 
phases.  Some  of  them  got  approved  but  then  withdrawn  from  the  market  such  as  pegine- 
satide.  Unfortunately,  the  increased  failures  will  most  probably  affect  the  development 
movement  in  the  pharmaceutical  industry  (Greish  et  al.,  2018). 

At  the  present  time,  regulatory  agencies  such  as  the  FDA  and  EMEA  are  examining 
every  new  nanomedicine  on  a  product-by-product  basis.  They  are  considered  a  unique 
category  due  to  the  fact  that  there  are  no  true  standards  in  their  examination  process 
(Desai,  2012).  Two  of  the  major  regulatory  issues  that  emerged  at  the  start  of  nanomedi¬ 
cine  is  the  lack  of  scientific  experts  in  the  FDA  and  the  difficulty  in  classifying  the  product 
(Morigi  et  al.,  2012).  The  unique  characteristics  of  nanomedicines  are  directly  related  to 
their  regulation  hurdles,  which  is  the  same  as  other  pharmaceutical  systems  such  as  lipo¬ 
somes  and  polymeric  systems  (Sainz  et  al.,  2015). 

Researchers  keep  investigating  nanomedicines  when  attached  to  prodrugs,  drugs, 
tracking  entities,  and  targeting  molecules.  Development  of  robust  methods  and  assays 
in  quality  control  of  nanomedicines  are  required  for  more  effective  monitoring  and  charac¬ 
terizations.  Also,  estimation  of  their  overall  performance  in  releasing  drugs,  binding  to 
proteins,  and  the  specificity  in  cellular  uptake  must  be  considered  (Sainz  et  al.,  2015; 
Tinkle  et  al.,  2014). 

Nanomedicine  products  are  both  complex  and  diverse  requiring  explanation  of 
challenges  to  have  a  clear  definition  and  an  effective  regulation.  The  lack  of  regulatory 
guidelines  for  these  products  hinders  their  clinical  potential.  Drug  regulatory  authorities 
must  keep  up  with  the  rapid  pace  of  the  knowledge  and  technological  development  as 
they  play  a  major  role  translating  nanomedicines  towards  the  market.  The  European 
Medicines  Agency  (EMEA)  and  the  FDA  have  different  requirements  in  evaluating 
new  nanomedicines  as  well  as  different  definitions  regarding  nanomedicine.  Agreeing  on 
specific  regulatory  procedures  internationally  is  very  important  to  ease  the  translational 
researches  of  nanomedicines.  Also,  better  long-term  monitoring  of  toxicity  should  be 
achieved  by  prolonging  postmarketing  surveillance  especially  for  a  patient  with  chronic 
diseases  (Sainz  et  al.,  2015;  Tinkle  et  al.,  2014). 


17*8*3  Customer-Related  Hurdles 

Nanomedicines  just  like  any  other  pharmaceutical  formulations  must  offer  higher  value 
to  patients  to  become  commercially  successful,  and  have  better  efficacy  and  safety.  New 
nanomedicine  products  follow  the  same  steps  in  clinical  trials  as  other  drugs.  It  starts  with 
preclinical  tests,  then  be  submitted  to  get  the  IND  (investigational  new  drug)  approval 
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and  following  that  it  enters  the  three  stages  of  clinical  trials,  one  after  another  to  evaluate 
safety  and  efficacy  of  the  new  drug  (Agrahari  and  Agrahari,  2018). 

In  recent  years,  toxicities  caused  by  nanomedicines  have  drawn  attention  and  been  rec¬ 
ognized  to  be  unique  to  nanoparticulate  systems.  Hence,  a  minimum  set  of  measurements 
for  the  nanoparticle  like  surface  charge,  size,  and  solubility  are  monitored  so  as  to  predict 
the  possible  toxicity  of  NPs.  Besides,  NPs  can  stimulate  the  immune  system  by  acting  as 
an  antigen.  Immunogenicity  is  mainly  affected  by  the  size  of  the  nanoparticle,  its  surface 
characteristics,  hydrophobicity,  charge,  and  solubility.  Hematologic  safety  concerns  have 
also  been  observed  such  as  hemolysis  and  thrombogenicity  (Desai,  2012). 

In  vivo  and  in  vitro  studies  provide  the  proper  characterization  of  the  interactions 
between  the  product  and  the  biological  system.  The  problem  is  that  the  data  attained  from 
current  toxicity  tests  are  not  from  clinical  trials  and  it  cannot  always  be  extrapolated  to 
humans.  Monolayers  of  cell  cultures  are  currently  used  to  characterize  immunogenicity, 
drug  release,  cellular  uptake,  and  toxicity.  However,  the  cellular  uptake  process  of  nano¬ 
formulations  is  majorly  influenced  by  physicochemical  characteristics.  Thus,  3D  cell  sys¬ 
tems  will  probably  provide  better  outcomes  (Gupta  et  al.,  2016).  More  caution  should  be 
given  when  handling  any  nanosized  powder  due  to  the  ability  of  such  particles  to 
penetrate  the  skin  and  because  it  can  also  show  pulmonary  toxicity  (Agrahari  and 
Hiremath,  2017;  Nel  et  al.,  2006). 


17*9  CONCLUSION 


Nanotechnology  is  being  expansively  used  in  nearly  all  fields  of  science  and 
engineering  in  recent  years.  Frequent  attempts  have  been  made  over  the  decades  to 
engineer  and  develop  these  drug-containing  nanocarriers  and  various  properties  of  an 
ideal  multifunctional  pharmaceutical  nanocarrier  can  be  demonstrated.  For  decades,  lipo¬ 
somes  have  been  the  most  clinically  established  nanosystem  to  deliver  encapsulated  drug 
molecules,  genes,  and  vaccines  into  the  body.  Such  NPs  are  promising  therapeutic  tools 
due  to  the  large  surface  area  that  allows  the  formation  of  covalent  and  noncovalent  bonds 
with  hydrophilic  polymers,  therapeutic  moieties,  and  ligands. 

Therapeutically,  dendrimers  have  emerged  as  one  of  the  most  promising  polymeric 
nanocarriers.  The  polyvalency  of  dendrimers  provides  variable  functionalization  and 
multiple  connections  to  be  created  between  surfaces  and  bulk  materials  for  applications 
such  as  adhesives,  surface  coatings,  or  polymer  cross-linking. 

Albumin  is  a  natural  carrier  of  hydrophobic  endogenous  water-insoluble  molecules, 
such  as  vitamins  and  hormones,  and  it  is  involved  in  the  maintenance  of  the  osmotic 
pressure  of  plasma. 

Gold  NPs  are  solid  metal  NPs  that  have  a  number  of  physical  properties  that  make 
them  good  candidates  for  medical  application,  such  as  ease  of  tailoring  AuNPs  into 
different  sizes,  shapes,  and  ease  of  addition  of  a  variety  of  surface  ligands.  Gold  cores  are 
chemically  inert  and  their  surfaces  show  low  chemisorption  ability,  are  highly  biocompati¬ 
ble,  have  a  high  range  of  surface  chemistries,  and  are  noncytotoxic.  Magnetic  NPs  (MNP) 
have  been  extensively  applied  in  biomedicine,  such  as  in  magnetic  separation,  drug 
delivery,  magnetic  resonance  imaging  (MRI),  and  hyperthermia. 
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Regardless  of  the  manifold  benefits  of  nanotechnology,  it  possesses  huge  risks  for 
humans,  animals,  and  plants.  It  could  be  used  negatively  as  deadly  chemical  weapons  on 
account  of  the  increased  surface  area  of  these  materials,  which  in  turn  produces  serious 
toxicities.  Unfortunately,  nanocarrier  systems  have  major  limitations  that  hinder  their 
functionality  as  targeted  delivery  systems.  As  the  field  grows,  it  is  important  to  compre¬ 
hend  the  challenges  related  to  nanoparticle  development  for  a  more  efficient  and 
predictable  path  to  biomedicine. 


Abbreviation 

Adynovate 

Antihemophilic  Factor  (Recombinant),  PEGylated 

AIDS 

Acquired  immune  deficiency  syndrome 

Alb-NPs 

Albumin  nanoparticles 

AmDM 

Amphiphilic  dendrimer 

ApoB 

Apolipoprotein  B 

Au 

Gold 

Au  DENPs 

Dendrimer-entrapped  gold  nanoparticles 

AuNPs 

Gold  nanoparticles 

BBB 

Blood-Brain  Barrier 

BCL-2 

B-cell  lymphoma /leukemia  2 

CCM 

Curcumin 

CCMV 

Cowpea  chlorotic  mottle  virus 

CD44 

The  antigen  is  a  cell-surface  glycoprotein 

CD8  + 

Cytotoxic  T  cells 

C-dots 

Cornell  dots 

CES 

Carboxylesterases 

CKD 

Chronic  kidney  diseases 

C-MYC 

Avian  myelocytomatosis  viral  oncogene  homolog 

CNS 

Central  nervous  system 

CPMV 

Cowpea  mosaic  virus 

CPT-11 

Irinotecan 

CrEL-paclitaxel 

Cremphor-EL 

CSF 

Cerebrospinal  fluid 

CT 

Computed  tomography 

DDS 

Drug  delivery  systems 

DLTs 

Dose-limiting  toxicities 

DMSA 

Dimercaptosuccinic  acid 

D-NAC 

Dendrimer-N  AC 

DOX 

Doxorubicin 

DXR 

Doxorubicin 

EGal 

Ectodomain  of  EGFR 

EGFP 

Enhanced  green  fluorescent  protein 

EGFR 

Epidermal  growth  factor  receptor 

EPR 

Enhanced  permeability  and  retention  effect 

EU 

European  Union 

FDA 

Food  and  Drug  Administration 

G4 

Generation-4 

G6  PAMAM 

Generation-6  Poly  amidoamine 

GNPs 

Gold  Nanoparticles 

GRAS 

Generally  Regarded  as  Safe 

HAS 

Human  serum  albumin 

HSP 

Heat  shock  protein 

IGF1-R 

Insulin-like  growth  factor  1  receptor 
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IL-2R 

IND 

INF 

IO 

IONPs 

LDL 

L-DOPA 

LP 

LUC 

Mia  Paca-2 

MK-1775 

MPS 

MRI 

mRNA 

MS 

MTD 

NAB 

NAC 

NANAPs 

NF-hlB 

NP 

NPs 

PAMAM 

PEG 

PEO-PPO 

PK 

PLD 

PLD 

PLEGRIDY 

PLGA 

PM  paclitaxel 

PTCL 

PTX 

RBCs 

RE1A 

RES 

Rf 

RGD 

rhTNF 

rMSPl 

RNA 

siRNA 

SN-38 

SNALP 

SPARC 

SPIO 

SPIONs 

TF 

TGs 

UDP 

US 

USPIO 

VEGF 

vWF 


Interleukin  2  receptors 
Investigational  New  Drug 
Interferon 
Iron  oxide 

Iron  Oxide  Nanoparticles 

Low-density  lipoprotein 

Levodopa  or  L-3,4-dihydroxyphenylalanine 

Liposome 

Luciferase 

Human  pancreatic  carcinoma 

Potent  and  selective  Weel  kinase  inhibitor 

Mononuclear  phagocyte  system 

Magnetic  resonance  imaging 

Messenger  RNA 

Multiple  sclerosis 

Maximum  tolerated  dose 

Nanoparticle  albumin-bound 

N-acetyl-L-cysteine 

Nanobody-albumin  nanoparticles 

Nuclear  factor  kappa-light-chain 

Nanoparticle 

Nanoparticles 

Poly  (amidoamine) 

Polyethylene  glycol 

Polyethylene  oxide-propylene  oxide 

Pharmacokinetic 

PEGylated  liposomal  doxorubicin 
PEGylated  liposomal  doxorubicin 
Peginterferon  beta-la 
Polylactic-co-glycolic  acid 
Polymeric  micellar  paclitaxel 
Peripheral  T-cell  Lymphomas 
Paclitaxel 
Red  blood  cells 

Transcription  factor  p65  also  known  as  nuclear  factor  NF-kappa-B  p65  subunit 
Reticuloendothelial  system 
Flory's  radius 

Cyclic  arginine-glycine-aspartic  acid 

Recombinant  human  tumor  necrosis  factor 

Merozoite  surface  protein  1 

Ribonucleic  acid 

Small  interfering  RNA 

The  active  metabolite  of  irinotecan 

Stable  nucleic  acid  lipid  particle  system 

Secreted  protein,  acidic  and  rich  in  cysteine 

Superparamagnetic  iron  oxide 

Superparamagnetic  iron  oxide  nanoparticles 

Transferrin 

Triglycerides 

Uridine  diphosphate 

United  States 

Ultrasmall  super  paramagnetic  iron  oxide 
Vascular  endothelial  growth  factor 
von  Willebrand  factor 
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18.1  INTRODUCTION 


18.1.1  Opportunities  and  Challenges  of  Nanotechnology 

Nanotechnology  involves  utilizing  scientific  knowledge  to  tune  materials  at  nanoscale. 
The  most  significant  advantage  of  the  nanomedicines  is  their  unique  characteristics  and 
phenomena  exhibited  by  a  smaller  size  (1— lOOnm).  Using  nanoscale  size  range,  many 
researchers  developed  targeted  nanoparticles  that  have  specificity  towards  a  particular  cell 
or  tissue  thus  improving  the  efficacy  and  reducing  the  side  effects  (Sharma  et  al.,  2018). 

Recently,  by  nanotechnology  one  can  further  make  advances  in  the  instruments  and 
medical  devices  used  in  surgical  procedures  thereby  reducing  the  invasiveness,  risk  associ¬ 
ated  with  postoperative  infections,  and  thus  overall  shortening  the  recovery  time.  Thus 
nanotechnology  also  contributes  to  improving  the  life  quality,  extension  of  life  expectancy, 
and  thus  making  the  cost  affordable  and  effective  (Kumar  et  al.,  2018). 

Nanotechnology-based  research  originates  from  the  development  of  targeted  delivery 
systems  like  liposomes  and  dendrimers  to  diagnostic  nanoparticles  like  carbon  nanotubes. 
However,  researchers  need  to  address  the  fate  and  transport  of  such  nanoparticles  in  bio¬ 
logical  systems.  Safety  and  risks  associated  with  the  use  of  these  nanoparticles  should  be 
clearly  described  and  supported  by  evidence  (Sanvicens  and  Marco,  2008). 

Regulatory  agencies,  public  groups,  and  insurance  agencies  should  work  altogether  for 
proper  implementation  of  nanomedicines.  This  will  also  ensure  that  challenges  are  met  at 
an  early  stage.  A  public  health  professional  can  enhance  the  development  of  nanomedicine 
by  collecting  and  analyzing  epidemiologic  data  to  conclude  the  effectiveness  of  nanodrugs 
or  nanoparticles  based  delivery  strategy.  They  can  also  support  by  promoting  to  get  more 
funds  for  research  (Pautler  and  Brenner,  2010). 


18.1.2  Nanomedicines:  A  Short  Overview 

Nanomedicines  are  purposefully  designed  systems  for  specific  clinical  application  in 
nanoscale  range  with  tunable  specific  properties  enhancing  the  targeting  or  biodistribution 
profile  of  the  drug.  Nanomedicines  involve  molecules  with  diverse  structures,  namely 
liposomes,  polymeric  nanoparticles,  carbon  nanotubes,  quantum  dots,  gold  nanoparticles, 
magnetic  nanoparticles,  dendrimers,  polymeric  micelles,  and  viral  vectors  (Tekade  et  al., 
2017b).  These  nanomedicines  either  encapsulate  or  solubilize  the  drug  to  improve  its  solu¬ 
bility  or  stability  or  provide  us  with  magnetic,  thermal  diagnostic,  or  imaging  agents. 

Several  nanomedicines  have  reached  the  market  especially  in  the  area  of  oncology  and 
are  proven  to  be  more  efficient  over  the  existing  ones.  They  are  emerging  as  multifunc¬ 
tional  nanocarriers  owing  to  the  following  properties.  They  can  identify  malignant  cells 
over  normal  cells  via  targeting  and  hence  reduce  the  off-target  side  effects  and  reduce  the 
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dose  and  dosing  frequency.  Real-time  monitoring  of  drug  release  and  temporal  control  of 
drug  release  is  possible.  Their  optical  properties  help  to  visualize  their  location  in  the 
body  when  administered  by  a  predetermined  route.  Also,  codelivery  of  a  drug  is  possible 
with  these  nanocarriers  depicting  synergism  (Choudhury  et  al.,  2017). 

Liposomes  are  spherical  structures  composed  of  one  or  more  concentric  lipid  bilayers 
with  an  aqueous  core.  Cationic  liposomes  have  shown  enhanced  drug  delivery  due  to  its 
charge.  Further,  they  are  Pegylated  to  increase  blood  circulation  time  and  avoid  RES 
uptake  (Honda  et  al.,  2013).  Polymeric  micelles  are  composed  of  an  amphiphilic  block 
copolymer  containing  hydrophilic  and  hydrophobic  moiety.  They  have  a  larger  size,  better 
stability,  and  are  uptaken  by  endosomal  mechanism  thus  preventing  efflux  of  entrapped 
drug  (Kwon  and  Okano,  1996).  Polymeric  nanoparticles  are  composed  of  polymers  like 
hyaluronic  acid,  albumin,  and  their  size  depends  upon  the  method  used  for  preparation. 
They  can  be  surface  modified  and  tagged  with  ligand-targeting  to  particular  cancerous 
cells  (Kesharwani  et  al.,  2016).  Controlled  release  or  sustained  release  of  drug  can  be 
obtained.  The  drug  can  be  either  physically  entrapped  or  conjugated  to  the  surface  of  poly¬ 
meric  nanoparticles  (Tekade  et  al.,  2015). 

Carbon  nanotubes  have  unique  physical  architecture,  a  large  surface  area  with  ease  of 
scale-up,  and  high  drug  loading,  making  them  versatile  nanocarriers  (Kuche  et  al.,  2018). 
Quantum  dots  are  semiconductor  nanoparticles  made  up  of  material  such  as  silicon,  cad¬ 
mium  selenide,  cadmium  sulfide,  or  indium  arsenide  that  glow  a  particular  color  after 
being  illuminated  by  light. 

They  possess  good  chemical  and  photostability,  high  quantum  yield,  and  size  tunable  light 
emission.  Thus  they  have  wide  application  in  the  fields  of  sensors,  drug  delivery,  and  bio¬ 
medical  imaging  (Probst  et  al.,  2013).  Dendrimers  are  monodisperse,  highly  branched  poly¬ 
mers  with  easily  modifiable  surfaces.  They  can  increase  the  solubility  of  the  hydrophobic 
drug  and  also  load  a  hydrophilic  drug.  Many  surface  modifications  of  dendrimers  have  been 
made  for  targeting  them  towards  cancer  therapy  (Tekade  et  al.,  2008).  Nanotherapy  is  an 
emerging  therapy  due  to  its  various  advantages  over  conventional  therapeutics. 


18*1*3  Next  Generation  Nanomedicines  and  Nanosimilars 

Nanomedicine's  advancement  has  led  to  the  development  of  combination  nanomedi¬ 
cines,  imaging  agents,  and  diagnostic  agents.  Advancement  in  technology  has  paved  the 
way  for  further  enhancing  nanomedicines.  Currently,  nanomedicines  are  emerging  as  a 
platform  for  delivery  of  siRNA  or  miRNA  (Tambe  et  al.,  2017). 

These  RNAi  are  unstable  and  degraded  by  the  RNase  found  in  physiological  fluids. 
Thus  nanocarriers  encapsulate  such  RNAi  protecting  them  for  the  RNase  degradation  and 
improving  their  targeting  specificity  and  stability.  Exosomes,  fusion  proteins,  and  RNAi 
nanoparticles  are  the  latest  advancements  in  nanotherapy.  Nanosimilars  are  a  follow-up  to 
the  product  of  a  reference  nanomedicine  (Maheshwari  et  al.,  2017). 


18*1*4  Nanomedicines  in  the  Market 

Despite  various  difficulties  along  the  development  process  and  a  lot  of  competition  from 
the  conventional  medicines  still,  some  nanomedicines  have  been  approved  by  FDA,  EMA,  or 
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foreign  regulatory  agencies  (Tekade  et  al.,  2017a).  Nearly  40%  of  these  are  protein— polymer 
conjugates  and  liposomes.  Mainly  nanomedicines  are  mostly  developed  for  targeted  therapy 
for  cancer.  Nanomedicines  are  conjugated  with  ligand  rendering  them  specificity  towards 
cancer  cells  and  thus  protecting  the  normal  cells  and  reducing  off-target  side  effects. 

Nanomedicines  have  difficulty  in  entering  the  market  due  to  the  higher  costs  involved 
in  clinical  development  and  their  regulatory  approval,  which  are  not  compensated  due  to 
limited  sales  of  nanomedicines  (Wang  et  al.,  2015).  Doxil  is  the  first  approved  nanomedi¬ 
cine  containing  doxorubicin  loaded  PEGylated  liposomes  for  the  treatment  of  cancers  such 
as  ovarian  cancer,  metastatic  breast  cancer,  Kaposi  sarcoma  in  HIV  patients,  and  multiple 
myeloma.  However  to  date  still  many  challenges  in  the  development  of  these  nanomedi¬ 
cines  are  to  be  met  (Jiang  et  al.,  2007). 


18*2  REGULATORY  PERSPECTIVE 


18*2*1  Development  of  Nanomedicines 

There  are  large  numbers  of  nanomedicines  existing  in  the  market.  However,  the  lack  of 
specific  general  protocol  for  study  the  safety  or  efficacy  of  these  nanomedicines  is  hamper¬ 
ing  their  development.  General  methods  described  for  testing  the  safety,  toxicity,  compati¬ 
bility,  or  efficacy  of  conventional  dosage  forms  are  only  employed  for  the  testing  of 
nanomedicines.  From  the  regulatory  perspective,  the  API  of  nanomedicines  dictates  the 
specifications  be  analyzed  within  the  regulatory  context.  Proteins  or  antibodies  as  biological 
entities  used  in  nanomedicines,  and  then  the  innovative  product,  must  follow  the  regula¬ 
tions  defined  for  new  chemical  entities  and  biological  medicinal  plants  (Sainz  et  al.,  2015). 

Nanomedicines'  clinical  utility  is  strongly  dependent  on  their  physicochemical  proper¬ 
ties  and  surface  modifications.  These  properties  are  modified  during  the  manufacturing  or 
developmental  stages  of  nanomedicines.  To  date,  only  methods  that  evaluate  the  physico¬ 
chemical  characteristics  of  these  nanomedicines  are  available  (Min  et  al.,  2015).  However, 
it  is  still  required  to  develop  a  quality  control  assay  that  will  evaluate  the  effect  of  these 
physicochemical  modifications  on  the  performance  of  nanomedicines  like  therapeutic  effi¬ 
cacy  and  biological  properties.  Thus  researchers  need  to  develop  methods  that  not  only 
measure  physicochemical  properties  of  nanomedicines  like  size,  charge,  and  size  variabil¬ 
ity  but  also  can  determine  the  performance  of  nanomedicines  like  drug  release,  protein 
binding,  and  specific  cellular  uptake  (Muthu  et  al.,  2014). 

Nanomedicines  are  absorbed  by  immune  cells,  thus  determining  their  immunotoxicity 
during  preclinical  studies  is  an  essential  step  in  the  development  of  nanomedicines.  Also 
some  nanomedicines  like  dendrimers  and  carbon  nanotubes  possess  toxicity  that  needs  to 
be  overcome  by  further  surface  modifications.  Another  hurdle  is  the  large-scale 
manufacturing  of  these  nanomedicines,  which  is  difficult  due  to  process  variation  and  lack 
of  scalability  (Desai,  2012). 

Therefore  one  needs  to  determine  the  critical  process  parameters  and  control  them  to 
achieve  production  of  these  nanomedicines  at  large  scale.  Nowadays  quality  by  design 
approaches  utilizing  PAT  (process  analytical  technologies)  has  allowed  for  online  or  line 
detection.  International  Conference  on  Harmonization  (ICH)  Guidelines  Q8,  Q9,  and  Q10 
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describe  novel  pharmaceutical  development  regulations,  which  can  further  help  to  control 
the  nanomedicines.  Regulators  from  the  United  States,  Europe,  and  Japan  are  putting  in 
effort  to  develop  such  nanomedicine  regulatory  approaches  through  the  ICH.  Therefore 
many  such  harmonized  assays  are  needed  to  clearly  determine  in  vivo  safety  and  efficacy 
of  these  nanomedicines  (Tinkle  et  al.,  2014). 

Detection  of  low  levels  of  these  nanocarriers  that  differentiates  them  from  their  aggregate 
form  or  metabolized  form  is  needed.  Thus  techniques  like  fluorescence  imaging  or  cellular 
imaging  have  been  developed  to  overcome  this  limitation.  The  data  that  should  be  provided 
before  and  during  the  product  lifecycle  of  nanomedicines  for  marketing  approval  requires 
animal  and  clinical  studies,  creating  another  hurdle  in  the  development  of  nanomedicines 
(Gaspar,  2007).  The  regulatory  system  in  Europe  allows  the  marketing  authorization  appli¬ 
cants  to  receive  scientific  counseling  from  the  regulators  during  early  stages  of  R&D. 

This  provides  a  harmonized  environment  wherein  if  nanomedicines  are  found  to  be 
more  toxic  or  less  efficacious  then  they  can  be  modified  or  tuned  accordingly  to  achieve 
lesser  toxicity  and  better  therapeutic  efficacy.  Nowadays  additionally  the  socioeconomic 
potential  of  these  nanomedicines  can  also  be  determined  to  evaluate  the  social  and  eco¬ 
nomic  benefits  compared  with  those  of  the  existing  treatments  (Gaspar  and  Duncan,  2009). 


18*2*2  Next  Generation  Nanomedicines 

Next  generation  nanomedicines  demand  more  evidence  of  enhanced  clinical  efficacy 
compared  with  existing  ones,  and  also  emphasize  more  on  pharmacoeconomic  evaluation. 
Also,  development  in  biopharmaceuticals  has  further  led  to  the  formation  of  next  genera¬ 
tion  nanomedicines. 

Nowadays,  nanosimilars  are  being  focused  on  by  the  regulatory  agencies.  These  tend  to 
combine  a  generic  drug  and  nanocarriers  as  innovative  recipients.  Additionally,  debate 
over  similar  formulations  within  nonbiological  complex  drugs  (NBCDs)  has  illuminated  a 
number  of  major  critical  issues  in  specific  formulations  like  iron  oxide  nanoparticles,  lipo¬ 
somes,  and  polymeric  micelles.  Thus  they  are  under  increased  regulatory  scrutiny 
(Ehmann  and  Pita,  2016). 

Various  regulatory  agencies  like  EMEA,  FDA,  and  agencies  from  Japan  and  other  coun¬ 
tries  like  Switzerland  and  Canada  started  their  discussion  on  the  classification  of  nanoma¬ 
terial  and  how  to  regulate  them  to  ensure  proper  efficacy  and  safety  of  these  materials. 
The  major  outputs  from  this  burst  of  new  regulatory  initiatives  include  a  set  of  guidance 
documents  from  the  EMA  related  to  iron-oxide  nanoparticles,  similar  liposomal  products, 
and  polymeric  micelles.  FDA  also  has  documents  on  liposomal  products  and  scientific  dis¬ 
cussion  about  regulatory  implications  on  NBCDs  (Wagner  et  al.,  2006).  Table  18.1 
describes  liposomal  and  nonliposomal  lipid  formulation  approved  by  the  regulatory 
agency  FDA,  TGA,  and  EMA.  The  first  liposomal  product  (Abelcet)  was  approved  in  1995 
by  FDA  and  TGA;  from  then  to  now,  many  other  companies  have  also  come  up  with 
lipid-based  nanoformulations. 

Thus  increased  concern  at  the  United  States  and  European  levels  demonstrated  that 
harmonization  is  essential  for  the  quality  of  nanomedicines.  The  Nanotechnology 
Characterization  Laboratory  at  the  National  Cancer  Institute  in  the  US  gathered  all  the 
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TABLE  18.1  LipicUBased  Nanomedicines  Approved  by  FDA,  TGA,  and  EMA 


Type  of 

Nanoformulation 

Trade 

Name 

Active 

Pharmaceutical 

Ingredients 

Indication 

Approval 

Date 

Manufacturer 

Nonliposomal 

lipidic 

formulation 

Abelcet 

Amphotericin  B 

Systemic  fungal  infections 
when  amphotericin  B  is  not 
recommended 

FDA  (1995)  & 
TGA 

Sigma-Tau, 

Cephalon,  Enzon, 
Elan/Alkermes 

Amphotec 

Amphotericin  B 

Invasive  aspergillosis  when 
amphotericin  B  is  not 
recommended 

FDA  (1996) 

Alkopharma,  Three 
Rivers  /  Alza 

Liposomes 

Survanta 

Beractant 

Neonatal  respiratory  distress  in 
premature  infants 

FDA  (1991) 

Abbot,  Abbvie 

Doxil/ Calyx 

Doxorubicin 

hydrochloride 

HIV-related  Kaposi's  sarcoma, 
ovarian  cancer,  myeloma, 
breast  cancer 

FDA  (1995)  & 
EMA  (1996) 

Cento  or  Ortho 
Biotech,  Janssen 

DaunoXome 

Daunorubicin 

citrate 

HIV-related  Kaposi's  sarcoma 

FDA  (1996) 

NeXstar,  Gilead 
Sciences,  Galen,  Teva 

AmBisome 

Amphotericin  B 

Fungal  infections 

FDA  (1997), 
EMA  (1990)  & 
TGA 

Astellas /Gilead 

Calyx 

Pegylated 

liposomes 

Metastatic  breast  cancer,  AIDS- 
related  Kaposi's  syndrome 

EMA  &  TGA 

Janssen 

Curosurf 

Poractantalfa 

Respiratory  Distress  Syndrome 
(RDS)in  premature  infants 

FDA  (1999) 

Chiesi 

DepoCyt(e) 

Cytarabine 

Lymphomatous  malignant 
meningitis 

FDA  (1999)  & 
EMA  (2001) 

Pacira,  Sigma-Tau, 
Skye/Enzon 

Visudyne  v 

Verteporfin 

Photodynamic  therapy 

FDA  (2000)  & 
TGA 

Valeant,  QLT 
Ophthalmics 

Myocet 

Doxorubicin 

Metastatic  breast  cancer 

EMA  (2000) 

Cephalon  /Zeneus, 
Elan,  Sopherion 
Therapeutics 

Definity 

Perflutren 

Contrast  agent 

FDA  (2001) 

Lantheus,  Bristol 
Myers  Squibb 

DepoDur 

Morphinesulfate 

Chronic  pain 

FDA  (2004)  & 
TGA 

Pacira 

Marqibo 

Vincristine 

sulfate 

Philadelphia  chromosome  and 
acute  lymphoblastic  leukemia 

FDA  (2012) 

Talon  Therapeutics 

Mepact 

Mifamurtide 

Osteosarcoma 

EMA  (2009) 

Takeda  oncology 

Onivyde 

Irinotecan 

Pancreatic  cancer 

FDA  (2015) 

Ipsen 

Pharmaceuticals 

Vyxeos 

Daunorubicin 
and  cytarabine 

AML,  AML  with 
myelodysplasia-related  changes 

FDA  (2017) 

Jazz  Pharmaceuticals 

Adapted  with  permission  from  Sainz,  V.,  Conniot,  ].,  Matos,  A.I.,  Peres,  C.,  Zupan  i ,  E.,  Moura,  L.,  et  al.,  2015.  Regulatory  aspects  on 
nanomedicines.  Biochem.  Biophys.  Res.  Commun.  468  (3),  504—510. 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


18.3  ROLE  OF  THE  VARIOUS  REGULATORY  AGENCIES  INVOLVED  IN  REGULATION  OF  NANOMEDICINES  739 

data  on  nanomedicines  in  oncology,  thus  taking  one  step  closer  to  the  development  of 
next  generation  nanomedicines.  Nowadays  even  integrated  approaches  of  nanomedicines 
like  multiplex  medical  devices  or  theragnostic  nanoparticles,  which  can  be  used  for  both 
diagnosis  as  well  as  therapy,  are  being  developed  (Fan  et  al.,  2012). 

Indeed  integration  between  material  science  and  translational  issues  like  validation  of 
appropriate  disease  models  is  essential  for  developing  regulation  of  nanomedicines. 
Nevertheless,  Innovative  Medicines  Initiative  (IMI)  in  Europe  and  the  National  Centre  for 
Advancing  Translational  Sciences  (NCTAS/NIH)  in  the  United  States  are  major  platforms 
contributing  to  the  development  of  personalized  medicines  and  nanomedicines  through 
innovative  technology. 


18.3  ROLE  OF  THE  VARIOUS  REGULATORY  AGENCIES 
INVOLVED  IN  REGULATION  OF  NANOMEDICINES 


18.3.1  United  States  Food  and  Drug  Administration 

Nanomedicines  comprise  of  varying  physicochemical  properties  at  the  nanoscale,  thus 
not-specific  regulations  compliance  for  nanomedicines  has  been  provided  by  the  FDA. 
Therefore  by  enhancing  the  expertise  in  tools  used  for  determination  of  safety  and  efficacy, 
FDA  can  bring  about  the  development  of  new  products  and  devices.  FDA  intends  to 
ensure  transparent  and  predictable  regulatory  pathways  grounded  in  the  best  available 
science  (Sanhai  et  al.,  2008). 

Regulatory  approach  of  nanomedicines  by  FDA  will  have  the  following  attributes. 
Firstly  FDA  will  be  maintaining  product  specific  and  science-based  regulatory  policy. 
Depending  upon  the  effects  of  nanomedicines  in  particular  biological  and  mechanical 
environments,  they  will  be  analyzed  separately.  Technical  assessment  will  be  product  spe¬ 
cific  thus  it  would  be  beneficial  for  the  manufacturers  that  they  consult  with  the  FDA  dur¬ 
ing  their  early  product  development  so  that  regulatory  issues  regarding  nanomedicines 
are  addressed  during  the  early  development  phase  itself  (Harris,  2009). 

Secondly,  where  premarket  review  authority  exists,  attention  to  nanomaterials  is 
being  incorporated  into  standing  procedures.  The  premarket  review  involves  submission 
by  the  applicant's  data  related  to  safety,  regulatory  status,  or  effectiveness  of  nanomedi¬ 
cines.  Individual  premarket  review  procedures  include  attention  to  whether  the  use  of 
nanomaterials  suggests  the  need  for  additional  data  on  safety  or  effectiveness,  as 
applicable. 

As  discussed  previously  initial  consultation  with  FDA  in  case  of  nanotechnology  pro¬ 
ducts  will  help  the  manufacturers  to  get  advice  on  safety  information  or  designing  any 
necessary  postmarketing  safety  oversight  before  the  products  have  received  marketing 
approval.  Thirdly,  FDA  will  continue  to  monitor  the  marketplace  for  nanomedicines  and 
take  any  appropriate  actions  if  required  (Miller,  2003).  Thus  FDA  is  playing  an  important 
role  in  accumulating  data,  devising  testing  protocols,  and  ensuring  the  safety  of  nanome¬ 
dicines.  To  facilitate  the  regulation  of  nanomedicines,  FDA  has  formed  an  internal 
Nanotechnology  Interest  Group  ("NTIG")  composed  of  representatives  from  all  its  regula¬ 
tory  centers. 
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The  Nanotechnological  Task  Force  additionally  is  formed  by  FDA  for  regulation  of 
nanomedicines.  The  2013  Nanotechnology  Regulatory  Science  Research  Plan  is  one  pro¬ 
gram  started  by  the  FDA  to  address  key  scientific  gaps  in  knowledge,  methods,  or  tools 
needed  to  make  regulatory  assessments  of  nanotechnology  products.  It  contains  four 
areas,  namely  staff  training  and  professional  development,  laboratory  core  facilities,  the 
Collaborative  Opportunities  for  Research  Excellence  in  Science  (CORES)  Program,  and 
FDA  Coordination  led  by  FDA  Nanotechnology  Task  Force,  with  representatives 
from  across  the  agency,  will  facilitate  communication  on  nanotechnology  regulatory  sci¬ 
ence  both  within  FDA  and  with  national  and  international  stakeholders,  and 
provide  overall  coordination  of  FDA's  nanotechnology  regulatory  science  research 
efforts.  Thus  the  implementation  of  such  a  program  depicts  the  paradigm  shift  towards 
regulation  of  nanotechnology  products  to  ensure  its  safety  to  humans  and  the  environ¬ 
ment  (Etheridge  et  al.,  2013). 


18*3*2  Therapeutic  Goods  Administration 

The  Therapeutic  Goods  Administration  (TGA)  describes  nanotechnology  involving  a 
wide  range  of  methods  involved  in  the  production  and  engineering  of  structures  and  sys¬ 
tems  by  controlling  size  and  shape  at  the  nanometer  scale.  The  National  Nanotechnology 
Strategy  (NNS)  superseded  by  the  National  Enabling  Technologies  Strategy  (NETS)  aimed 
to  allow  Australia  to  capture  the  benefits  of  nanotechnology  while  addressing  any  safety 
concerns  (Faunce,  2007). 

Monash's  review  in  2007  noted  some  key  findings  that  showed  Australia's  regulatory 
framework  generally  suited  the  regulation  of  nanotechnology-based  products.  Thus  there 
was  no  major  change  needed  in  the  regulatory  guidelines;  however  some  minor  amend¬ 
ments  could  be  done.  TGA  responded  to  the  NNS  report  by  the  establishment  of  the  TGA 
Nanotechnology  Focus  Group  to  review  existing  regulatory  arrangements  for  therapeutics 
and  make  the  changes  as  required  to  enhance  the  regulation  of  nanomedicines. 
Additionally,  the  development  of  the  focus  group  builds  a  scientific  environment  within 
the  organization  and  also  helps  in  establishing  international  and  national  collaborations 
(Faunce,  2009a). 

TGA  is  better  regulating  nanotechnological  products  by  having  a  high  level  of  exper¬ 
tise  to  evaluate  new  technologies.  Additionally,  it  has  the  legislated  authority  to  require 
additional  data  in  support  of  the  safety  assessment  of  new  materials  and  for  the  most 
part  deals  with  applicants  that  have  the  technical  expertise  to  adequately  address  key 
safety  issues  (Faunce,  2009b).  Nanoformulations  approved  by  TGA  are  described  in 
Table  18.2. 

TGA  conducts  nanotechnological  training  programs  wherein  physical  or  chemical  prop¬ 
erties  of  nanomaterials  are  studied  versus  conventional  ones,  and  their  benefits  in  the  clini¬ 
cal  setting  are  determined.  It  includes  studying  in  vitro  behavior  of  nanoparticles. 
Additionally,  the  pharmacokinetics  of  nanoparticles  like  half-life,  bioavailability,  etc.  are 
also  studied.  Further  in  vitro  and  in  vivo  toxicity  of  nanoparticles  are  assessed  followed 
by  risk  assessment  and  risk  minimization.  Thus  TGA  as  a  whole  is  on  the  forefront  in  reg¬ 
ulating  the  nanomedicines  (Hodge  et  al.,  2009). 
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TABLE  18.2  Polymeric,  Nanocrystals,  and  Enzymes  Conjugate  Based  Nanomedicines  Approved  by  FDA, 
TGA,  and  EMA 


Type  of 

Nanoformulation 

Trade 

Name 

Active 

Pharmaceutical 

Ingredients 

Indication 

Approval 

Date 

Manufacturer 

Polymeric 

nanoparticles 

Copaxone 

Glatiramer  acetate 

Multiple  sclerosis 

FDA  (1996)  & 
TGA 

Teva 

Renagel 

Sevelamer 

hydrochloride 

Hyperphosphatemia  in  patients 
with  chronic  kidney  disease  on 
dialysis 

FDA  (2000), 
EMA  (2000)  & 
TGA 

Genzyme 

Eligard 

Leuprolide  acetate 

Advanced  prostate  cancer 

FDA  (2002) 

Atrix,  Tolmar 

Abraxane 

Paclitaxel 

Metastatic  breast  cancer, 
non— small  cell  lung  cancer 

FDA  (2005)  & 
EMA  (2008) 

Abraxis 

BioScience, 

AstraZeneca, 

Celgene 

Krystexxa 

Pegloticase 

Chronic  gout 

FDA  (2010) 

Savient 

Pharmaceuticals 

Adynovate 

Antihemophilic 
factor  (recombinant) 

Hemophilia 

FDA  (2016) 

Shire 

Cimzia 

Certolizumab  pegol 

Crohn's  disease.  Rheumatoid 
arthritis,  psoriatic  arthritis 
ankylosing  spondylitis 

FDA  (2018) 

UCB 

Mircera 

Methoxy 

polyethylene  glycol- 
epoetin  beta 

Anemia  associated  with  chronic 
kidney  diseases 

FDA  (2018) 

Vifor 

Nanocrystal 

Naprelan 

Naproxen  sodium 

Rheumatoid  arthritis  and 
osteoarthritis,  gout 

FDA  (1996) 

Almatica,  Elan/ 
Alkermes,  Wyeth 

Rapamune 

Sirolimus 

Immunosuppressant  (kidney 
transplants) 

FDA  (2002)  & 
EMA  (2001) 

Wyeth  /  Alkermes, 
Elan,  Pfizer 

Ritalin  LA 

Methylphenidate 

hydrochloride 

Attention  deficit  hyperactivity 
disorder 

FDA  (2002) 

Novartis 

Zanaflex 

Tizanidine  HC1 

Muscle  relaxant 

FDA  (2002) 

Acorda 

Avinza 

Morphinesulfate 

Moderate/ severe  pain 

FDA  (2002) 

Elan/  Alkerme, 
Pfizer 

Zevalin 

Ibritumomab 

tiuxetan 

Lymphoma,  follicular 

FDA  (2002)  & 
EMA  (2004) 

Spectrum 

Vitoss 

Calcium  phosphate 

Bone  substitute 

FDA  (2003) 

Stryker 

Emend 

Aprepitant 

Emesis,  antiemetic  for 
chemotherapy  patients 

FDA  (2003)  & 
EMA  (2003) 

Merck,  Elan  Corp 

Ostim 

Hydroxyapatite 

Bone  substitute 

FDA  (2004) 

Heraeus  Kulzer 

Tricor 

Fenofibrate 

Dislipidemias 

FDA  (2004) 

Abbot,  Abbvie 

Triglide 

Fenofibrate 

Dislipidemias 

FDA  (2005) 

Skye,  First 

Horizon,  Sciele 

(Continued) 


BASIC  FUNDAMENTALS  OF  DRUG  DELIVERY 


742  18.  CLINICAL  ASPECTS  AND  REGULATORY  REQUIREMENTS  FOR  NANOMEDICINES 


TABLE  18.2 

(Continued) 

Type  of 

N  anof  ormulation 

Trade 

Name 

Active 

Pharmaceutical 

Ingredients 

Indication 

Approval 

Date 

Manufacturer 

Focalin  XR 

Dexmethylphenidate 

hydrochloride 

Attention  deficit  hyperactivity 
disorder 

FDA  (2005) 

Novartis/ 

Alkermes 

Megace  ES 

Megestrol  acetate 

Anorexia,  cachexia,  breast  and 
endometrial  cancer 

FDA  (2005) 

Par 

Invega 

Paliperidone 

Schizophrenia 

FDA  (2006)  & 
EMA  (2007) 

Janssen 

Zyprexa 

Olanzapine 

Schizophrenia 

FDA  (2009) 

Lilly 

EquivaBone 

Hydroxyapatite 

Bone  substitute 

FDA  (2009) 

Zimmer  Biomet 

Enzymes 

conjugate 

Adagen 

PEGylated  adenosine 
deaminase 

Severe  combined 
immunodeficiency  disease 

FDA  (1990) 

Sigma-Tau,  Enzon 

Adapted  with  permission  from  Sainz,  V.,  Conniot,  /.,  Matos,  A.I.,  Peres,  C.,  Zupan  i ,  E.,  Moura,  L.,  et  al.,  2015.  Regulatory  aspects  on 
nanomedicines.  Biochem.  Biophys.  Res.  Commun.  468  (3),  504—510. 


18*3*3  European  Medicine  Agency 

The  European  Medical  Agency's  (EM A)  scientific  guidelines  help  the  manufacturer  to 
prepare  marketing  authorization  applications  for  human  medicines.  Guidelines  reflect  a 
harmonized  approach  of  the  EU  Member  States  and  the  Agency  on  how  to  interpret  and 
apply  the  requirements  for  the  demonstration  of  quality,  safety,  and  efficacy  set  out  in  the 
Community  directives.  EM  A  follows  a  different  approach  to  nanomedicines  by  collaborat¬ 
ing  with  various  organizations  in  the  EU  enabling  a  platform  for  both  scientific  and  regu¬ 
latory  aspects.  This  governs  at  an  early  stage  the  benefit/risk  model  and  good  scientific 
advice  at  an  early  stage  of  nanomedicines  development  and  evaluates  the  need  for  addi¬ 
tional  guidance  (Hafner  et  al.,  2014). 

The  framework  of  EMA  states  that  they  evaluate  nanomedicines  based  on  established 
principles  of  benefit/risk  analysis  unlikely  by  technology.  The  evaluation  also  includes 
risk  management  plans  and  environmental  risk  assessment.  Evaluation  is  performed  by  a 
specialized  multidisciplinary  expertise  group,  which  includes  mixed  personnel  from 
industry,  academia,  and  regulatory  experts.  This  group  was  firstly  created  in  2009  and 
later  reinforced  in  2011.  They  are  also  involved  in  formulating  guidelines.  Further 
enhancement  in  nanomedicines  is  achieved  by  close  EU  cooperation  with  other  scientific 
committees  (e.g.,  SCENIHR,  EFSA),  networks  (QNANO,  ETPNano),  and  with  the 
European  Commission. 

Additionally,  international  cooperation  was  achieved  as  EMA  chairs  an  international 
regulators  expert  group  like  US  FDA,  Japan  MHLW,  Health  Canada,  TGA  Australia.  Thus, 
EMA  maintains  an  amalgam  of  experts  from  various  disciplines  pooling  the  quality, 
safety,  and  efficacy  evaluation  of  nanomedicines  (Hafner  et  al.,  2014). 

In  2011  the  CHMP  commissioned  a  multidisciplinary  drafting  group  to  develop  a  series 
of  four  reflection  papers  on  current  scientific  and  regulatory  thinking  for  nanomedicines. 
These  reflection  papers  covered  the  development  of  both  nanomedicines  and  nanosimilars. 
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The  four  reflection  papers  cover  data  requirements  for  intravenous  iron-based  nanocolloi- 
dal  products  developed  with  reference  to  an  innovator  medicinal  product,  development  of 
block-copolymer-micelle  medicinal  products,  data  requirements  for  intravenous  liposomal 
products  developed  with  reference  to  an  innovator  liposomal  product  and  surface  coating, 
and  general  issues  for  consideration  regarding  parenteral  administration  of  coated  nano¬ 
medicine  products  (Havel  et  al.,  2016). 

Firstly,  the  reflection  paper  on  intravenous  iron-based  nanocolloidal  products  devel¬ 
oped  concerning  an  innovator  medicinal  product  assisted  the  generation  of  relevant  qual¬ 
ity,  nonclinical  and  clinical  comparative  data  to  support  a  marketing  authorization  of  a 
nanosized  colloidal  intravenous  iron-based  preparation  developed  as  a  treatment  for  iron 
deficiency  anemia  concerning  a  nanosized  colloidal  innovator  product.  It  also  included 
changes  made  to  the  manufacturing  process  of  the  same  and  also  iron-based  nanocolloidal 
products  administered  for  other  diseases  (Crommelin  et  al.,  2014). 

Secondly,  the  reflection  paper  on  intravenous  liposomal  products  developed  concerning 
an  innovator  liposomal  product  assisted  in  the  generation  of  relevant  quality,  nonclinical, 
and  clinical  data  to  support  a  marketing  authorization  of  intravenous  liposomal  products 
developed  concerning  an  innovator  liposomal  product.  Additionally,  the  vesicular  system 
administered  other  than  the  intravenous  route  was  also  included  (Miihlebach  et  al.,  2015). 

Thirdly,  the  joint  EMA/MHLW  reflection  paper  on  block  copolymer  micelle  medicinal 
products  involved  pharmaceutical  development,  clinical,  and  nonclinical  studies  of  block 
copolymer  micelle  containing  medicinal  products  developed  to  modify  its  pharmacoki¬ 
netic,  stability,  and  distribution  profile.  Lastly,  the  reflection  paper  on  surface  coating 
included  the  factors  (biodistribution,  pharmacokinetics)  to  be  considered  for  a  covalent  or 
noncovalent  coating  of  nanomaterials. 

Additionally,  the  impact  of  this  coating  on  the  safety  and  efficacy  of  the  products  is  also 
considered.  Also,  the  quality,  clinical,  and  nonclinical  data  defining  critical  product  charac¬ 
teristics  of  coated  nanomedicines.  Thus  existing  EM  A  has  efficient  guidelines  for  regula¬ 
tion  of  nanomedicines  and  also  can  address  issues  regarding  its  development  ensuring  the 
safety  and  efficacy  of  nanomedicines  (Eickhoff,  2015;  Bartlett  et  al.,  2015). 

Nanoformulations  approved  by  EMA  are  depicted  in  Tables  18.1—18.3.  Table  18.1 
emphasizes  liposomal  and  nonliposomal  lipid  formulation.  Table  18.2  emphasizes  poly¬ 
meric,  nanocrystal,  and  enzymes  based  nanoformulations.  Table  18.3  emphasizes  antibody, 
surfactant  based,  metal,  protein— drug  conjugates,  aptamer,  and  PEGylated  drugs  diagnos¬ 
tic  multiparticulate  systems. 


18.4  CLINICAL  ASPECTS  OF  NANOMEDICINES 
18*4*1  Preclinical 

Preclinical  evaluation  of  nanomedicines  involves  testing  them  in  either  animals  or  cells 
or  tissues.  These  preliminary  in  vitro  and  in  vivo  tests  are  essential  to  prevent  the  latter 
failure  of  these  nanomedicines  mainly  due  to  toxicity.  Thus,  various  parameters  are  mea¬ 
sured  in  an  in  vivo  animal  model  like  safety,  pharmacology,  and  efficacy  profile  of  the 
nanomedicines.  Immunotoxicity  as  a  part  of  traditional  toxicity  studies  is  also  determined 
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TABLE  18.3  Antibody,  Surfactant  Based,  Metal,  Protein— Drug  Conjugates,  Aptamer,  PEGylated  and 
Multiparticulate  Nanomedicines  Approved  by  FDA,  TGA,  and  EMA 


Type  of 

N  anof  ormulation 

Trade 

Name 

Active  Pharmaceutical 
Ingredients 

Indication 

Approval 

Date 

Manufacturer 

Antibody 

Zevalin 

Ibritumomab  tiuxetan 

Lymphoma,  follicular 

FDA  (2002) 

&  EMA 
(2004) 

Spectrum 

Cimzia 

Certolizumab  pegol 

Crohn's  disease,  rheumatoid 
arthritis,  psoriatic  arthritis, 
ankylosing  spondylitis 

FDA  (2008) 

&  TGA 

UCB 

Surfactants  based 

Fungizone 

Amphotericin  B 

Systemic  fungal  infections 

FDA  (1966) 

Bristol-Myers 

Squibb, 

Apothecon 

Diprivan 

Propofol 

Anesthetic 

FDA  (1989) 

Fresenius  Kabi, 
AstraZeneca 

Estrasorb 

Estradiol  hemihydrate 

Reduction  of  vasomotor 
symptoms  during  menopause 

FDA  (2003) 

Medicis, 

Novavax/ 

Espirit, 

Graceway 

Elestrin 

Estradiol 

Hot  flashes  during  menopause 

FDA  (2006) 

Meda,  BioSante 

Metal 

INFeD 

Iron  Dextran  (Low  MW) 

Iron  deficiency  in  chronic 
kidney  disease 

FDA  (1957) 

Sanofi-Aventis 

Dexferrum 

Iron  Dextran  (High  MW) 

Iron  deficiency  in  chronic 
kidney  disease 

FDA  (1957) 

Sanofi-Aventis 

Ferrlecit 

Sodium  ferric  gluconate 
complex 

Iron  deficiency  anemia 

FDA  (1999) 

Sanofi-Aventis 

Venofer 

Iron  sucrose  (iron(III)- 
hydroxide  sucrose 
complex)) 

Iron  deficiency 

FDA  (2000) 

&  TGA 

Luitpold,  Vifor 
France 

Fosrenol 

Lanthanum  carbonate 

End-stage  renal  disease 

FDA  (2004) 

Shire 

Feraheme 

Ferumoxytol 

Treatment  of  iron  deficiency 
anemia  in  adults  with  chronic 
kidney  disease 

FDA  (2009) 

AMAG 

Protein— drug 
conjugates 

Ontak 

Denileukin  diftitox 

Persistent  or  recurrent 
cutaneous  T-cell  lymphoma 

FDA  (1999) 

Eisai 

Kadcyla 

Ado-Trastuzumab 

Emtansine 

Metastatic  breast  cancer 

FDA  (2013) 

Genentech 

Aptamer  (Anti- 
VEGF) 

Macugen 

Pegaptanib  sodium 

Neovascularage  related  macular 
degeneration 

FDA  (2004) 

&  EMA 
(2006) 

OSI/ Pfizer, 
Valeant 

PEGylated  Drugs 

Oncaspar 

PEGylated  L-asparaginase 

Lymphoblastic  leukemia 

FDA  (1994) 

Enzon/  Schering- 
Plough,  Sigma- 
Tau 

Peglntron 

PEGylated  interferon  alfa- 
2b 

Hepatitis  C  in  patients  with 
compensated  liver  disease 

FDA  (2001), 
EMA  (2000) 

&  TGA 

Schering-Plough 

Merck 

(Continued) 
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TABLE  18.3  (Continued) 


Type  of 

Nanoformulation 

Trade 

Name 

Active  Pharmaceutical 
Ingredients 

Indication 

Approval 

Date 

Manufacturer 

Neulasta 

PEGylated  filgrastim 

Febrile  neutropenia 

FDA  (2002) 
&EMA 
(2002) 

Amgen 

Pegasys 

PEGylated  interferon  alfa- 
2b 

Hepatitis  B  and  C 

FDA  (2002), 
EMA  (2002) 
&TGA 

Hoffmann-La 

Roche/Nektar 

Genentech 

Somavert 

PEGylated  human  growth 
hormone  receptor  agonist 
(Pegvisomant) 

Acromegaly 

FDA  (2003), 
EMA  (2002) 
&TGA 

Pharmacia  and 
Upjohn,  Nektar, 
Pfizer 

Plegridy 

PEGylated  IFN  beta-la 

Multiple  sclerosis 

FDA  (2014) 

Biogen 

Rebinyn 

Coagulation  factor  IX 

Hemophilia  B 

FDA  (2017) 

NovoNordisk 

Zilretta 

Triamcinolone  acetonide 

Osteoarthritis  knee  pain 

FDA  (2017) 

Flexion 

Therapeutics 

Diagnostic 

Sinerem 

Diagnostic  agent 
superparamagnetic  iron 
oxide  coated  nanoparticles 

In  vivo  characterization  of 
lymph  nodes. 

EMA 

Guerbet 

Multiparticulate 

Verelan 

Verapamil 

Hypertension 

FDA  (1990) 

Elan/Alkermes 

system 

Verelan 

PM 

Verapamil 

Hypertension 

FDA  (1998) 

Elan/  Alkermes 

Adapted  with  permission  from  Sainz,  V.,  Conniot,  J.,  Matos ,  A.I.,  Peres,  C.,  Zupan  i ,  E.,  Mourn,  L.,  et  al.,  2015.  Regulatory  aspects  on 
nanomedicines.  Biochem.  Biophys.  Res.  Commun.  468  (3),  504—510. 


(Caster  et  al.,  2017).  As  many  products  approved  by  FDA  were  found  to  be  withdrawn 
due  to  immunotoxicity  after  entering  the  market.  Also,  initial  preclinical  testing  provides 
evidence  to  reject  lead  molecules  depicting  either  immunotoxicity  or  toxicity  or  any  other 
characteristics  unfavorable  for  good  drug  candidates  and  also  provides  a  platform  to 
reduce,  replace,  and  refine  the  use  of  laboratory  animals.  In  vitro  assays  involve  LAL  assay 
for  determination  of  immunotoxicity  and  MTT  assay  (Tekade  et  al.,  2009).  In  vivo  studies 
involve  acute  toxicity,  acute  systemic  toxicity,  and  long-term  toxicity  studies  carried  out  as 
per  OECD  guidelines.  Due  to  the  smaller  size  of  nanomaterials  determining  environmental 
toxicity  is  also  of  utmost  importance. 


18*4*2  Clinical 

Before  initiating  clinical  trials,  the  investigators  need  to  submit  to  the  FDA  data  regard¬ 
ing  the  preclinical  studies  involving  either  animals  or  cells  or  tissues  or  in  vitro.  Then  after 
getting  approval  Phase,  1  clinical  trials  of  nanomedicines  are  conducted  in  small  subjects 
(25—100)  involve  assessment  of  safety,  tolerability,  and  pharmacokinetic  properties.  It  also 
includes  determination  of  maximum  tolerated  dose.  After  the  nanomedicines  are  found  to 
be  safe  in  phase  I  study,  further  phase  II  clinical  trials  are  conducted  in  more  subjects 
(100-500)  (Libutti  et  al.,  2010). 
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Phase  II  clinical  trials  include  exploratory  studies  in  disease  subjects  to  determine  the 
efficacy  of  the  nanomedicines.  Additionally,  dose  range  is  also  determined.  After  success¬ 
ful  completion  of  phase  II  clinical  trials,  phase  III  studies  are  conducted  in  patients 
(500—3000)  most  likely  to  receive  the  treatment  postapproval  for  confirmation  of  safety 
and  efficacy  of  nanomedicines.  After  the  phase  III  clinical  trials,  successful  completion  ren¬ 
ders  the  nanomedicines  approved  for  marketing.  Phase  IV  clinical  trials  are  conducted  fur¬ 
ther  to  gather  knowledge  regarding  the  side  effects,  adverse  reactions,  safety,  and 
tolerability  when  the  nanomedicines  enter  the  market  (Wang  et  al.,  2013). 

If  the  clinical  study  involves  an  investigational  drug,  biologies,  or  medical  device,  then 
its  study  must  be  approved  by  an  institutional  review  board  (IRB).  Briefly,  it  should  con¬ 
sider  that  risks  will  be  minimum,  risk  to  benefit  ratio  should  be  optimum,  informed  con¬ 
sent  is  properly  sought  and  documented,  selection  of  subjects  will  be  equitable,  vulnerable 
populations  will  be  protected,  provisions  for  data  and  safety  monitoring  are  made,  and 
confidentiality  and  privacy  of  the  data  are  maintained  (Fatehi  et  al.,  2012). 

18*4*3  Ethical  Issues  in  Clinical  Trials  Involving  Nanomedicines 

Nanomedicines  being  tested  in  clinical  trials  are  of  two  types  firstly  drug  delivery 
devices  or  diagnostic  devices.  Gold  nanoparticles  are  used  to  detect  proteins  and  DNA 
present  in  a  biological  sample  on  the  contrary  quantum  dots  due  to  their  size-dependent 
fluorescence  activity  are  used  to  illuminate  organs  like  such  as  tumors  or  lymph  nodes.  In 
other  words  Quantum  dots  have  the  fluorescence  property  thus  the  organs  in  which  they 
are  distributed  will  illuminate  and  allow  to  measure  the  fluorescence  intensity  in  that  par¬ 
ticular  organ.  However,  in  case  of  gold  nanoparticles  there  is  minimal  risk  to  humans  as 
tissues  samples  are  required  for  the  diagnosis  whereas  in  the  case  of  quantum  dots  they 
need  to  be  administered  in  the  body  and  can  thereby  damage  healthy  cells  as  they  contain 
heavy  metals  that  tend  to  diffuse  in  the  nearby  cells  and  disrupt  the  cellular  functions. 
Although  quantum  dots  can  be  a  substitute  for  radioactive  dyes,  they  are  still  not  used 
due  to  this  risk  (Resnik  and  Tinkle,  2007a). 

Mainly  ethical  issues  in  clinical  trials  involving  nanomedicines  revolve  around  such 
risk  minimization,  risk  management,  and  risk  communication.  Risk  minimization  involves 
identifying  factors  that  can  be  risky  in  human  subjects  and  controlling  them  during  clinical 
or  preclinical  trials.  This  can  be  done  through  robust  literature  survey,  proper  observation, 
and  recording  of  data  during  the  clinical  trials  and  even  following  up  of  subjects  after  the 
study  is  completed.  Mainly  in  the  case  of  nanomedicines,  the  biggest  failures  are  due  to 
their  toxicity  (Sprung  and  Eidelman,  1997). 

Thus,  in  vitro  assays  to  study  their  basic  chemical  and  physical  properties  in  animal 
or  human  cell  cultures  and  in  vivo  assays  to  study  ADME  of  nanomedicines  in  rodents 
are  of  extreme  importance.  The  NCI,  mainly  for  cancer  treatment  and  diagnosis,  conducts 
in  vitro  and  in  vivo  experiments  on  nanomaterials.  Additionally  many  other  international 
agencies  like  NIEHS,  the  Environmental  Protection  Agency  (EPA),  the  National  Science 
Foundation  (NSF),  and  the  National  Institute  for  Occupational  Safety  and  Health  (NIOSH) 
also  determine  risks  of  exposure  to  these  nanomedicines  (Moher  et  al.,  1996). 

Researchers  have  identified  the  basic  factors  one  needs  to  consider  for  minimizing 
risks  of  nanomedicines.  Firstly,  the  risk  of  nanomedicines  varies  as  per  the  route  of 
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administration  such  as  oral,  pulmonary,  parenteral,  etc.  Secondly,  the  diversity  of  nanoma¬ 
terials  makes  it  difficult  to  give  a  generalized  statement  regarding  its  safety  and  toxicity; 
each  nanomedicine  needs  to  be  studied  individually.  Thirdly,  the  risk  of  manufactured 
nanomaterial  is  different  from  the  risk  of  naturally  occurring  nanomaterial.  Fourthly,  the 
size  and  shape  of  nanomedicines  change  as  per  the  microenvironment,  or  when  it  enters 
the  organism,  thus  changing  the  risk.  In  addition,  some  heavy  metals  like  lead  may  accu¬ 
mulate  in  the  body  and  exert  toxic  effects.  Thus  by  judiciously  controlling  all  these  factors, 
one  can  minimize  the  risk  associated  with  nanomaterials  (Sharma  et  al.,  2015). 

Risk  management  involves  ensuring  a  good  risk  to  benefit  ratio.  Benefits  achieved  from 
the  nanomedicines  should  outweigh  the  risks  to  meet  the  ethical  and  legal  requirements.  If 
phase  1  clinical  trials  are  undergoing  for  medical  device  based  nanomedicines  for  chemo¬ 
therapy,  then  this  will  involve  cancer  patients.  However,  as  these  are  just  phase  1  trials, 
they  are  not  receiving  any  benefits;  still,  one  needs  to  consider  that  society  will  benefit  as 
this  proposed  system  will  enhance  delivery  of  nanomedicines  to  target  cells  and  reduce 
side  effects  (Oberdorster,  2010). 

Risk  communication  ensures  that  informed  consent  from  the  participants  in  the  clinical 
study  will  clearly  dictate  the  possible  risks  involved  during  their  participation.  Basic  infor¬ 
mation  needs  to  be  given  to  the  subjects  like  the  goal  of  the  study,  risks,  benefits,  cost,  pro¬ 
cedure,  confidentiality,  any  compensation  for  injury,  and  willingness  to  withdraw  from 
the  study  (Pidgeon  and  Rogers-Hayden,  2007). 

Thus  mainly  in  clinical  trials,  it  is  the  sole  duty  of  the  investigators  and  their  teams  to 
obtain  informed  consent  and  properly  ensure  that  the  outcomes  of  the  investigation  will 
be  beneficial  for  the  society  over  the  existing  treatment  and  strategy  availed. 


18*5  ETHICS  IN  NANOMEDICINES 


Nanomedicines  are  gaining  utmost  attention  in  the  21st  century.  However,  investment 
in  research  and  development  of  nanomedicines  is  very  high  making  them  expensive,  and 
their  sales  also  do  not  compensate  for  the  research  cost  accrued  over  many  years.  Thus 
developed  countries  like  the  United  States  are  continuously  trying  to  make  newer 
advancements  in  nanomedicines  to  improve  the  existing  treatment  strategies. 

On  the  other  hand,  in  underdeveloped  countries  like  India  investment  in  nanomedi¬ 
cines  is  meager  and  also  unaffordable  for  the  poor.  Thus  there  is  a  fear  that  the  nanode¬ 
vices  will  create  a  gap  between  the  rich  and  poor.  Nanoethics  lags  behind  due  to  lack  of 
policies  related  to  funding  and  educational  institutions.  Thus  one  should  promote  equity 
and  nondiscrimination  of  nanomedicines  as  one  of  the  ethics  of  nanomedicines  (Resnik 
and  Tinkle,  2007b). 

Another  ethical  problem  involves  the  demarcation  between  therapy  and  enhance¬ 
ment.  Respirocytes  are  artificial  oxygen  boosted  red  blood  cells  that  hold  a  reservoir  of 
oxygen.  Heart  attack  patients  administered  with  these  cells  can  receive  oxygen  and 
thus  continue  breathing  until  they  receive  proper  medical  treatment  (Miller,  2003).  On 
the  other  hand,  these  respirocytes  are  also  used  by  athletes  for  body  enhancement  and 
boosting  their  performance.  How  ethical  is  it  to  use  such  cells  for  enhancement? 
Another  issue  regards  hybrid  humans,  that  is,  hybrids  between  humans  and  machines. 
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Thus  although  nanomedicines  bring  about  enhancement  compared  with  conventional 
medicines,  still  one  needs  to  consider  their  proper  therapeutic  use  before  promoting 
such  interventions  (Linkov  et  al.,  2008). 

Biocompatibility  and  toxicity  of  nanomaterials  should  be  studied  during  preclinical  and 
clinical  studies.  As  nanomedicines  tend  to  break  down  in  smaller  particles  within  the 
body  or  can  even  form  aggregates  thus  causing  toxicity,  short  term  and  long  term  nano¬ 
toxicity  studies  should  be  carried  out  to  ensure  the  safety  and  efficacy  of  nanomaterials. 
Informed  consent  must  be  obtained  from  the  participants  of  the  clinical  study  by  the  inves¬ 
tigators.  They  should  be  informed  regarding  the  risks,  procedure,  duration,  and  benefits  of 
the  study  (Silva  Costa  et  al.,  2011). 

It  is  unethical  to  involve  those  participants  who  have  not  signed  the  informed  consent 
form.  Nanochips  can  detect  any  abnormality  in  the  body  or  cancerous  cells  or  gene 
responsible  for  the  disease  but  at  the  same  time  can  also  predict  the  occurrence  of  disease 
in  the  near  future  by  analyzing  DNA.  The  latter  can  create  anxiety,  panic,  and  increased 
fear  of  illness,  causing  psychological  harm.  Thus  utilization  of  nanomedicines  in'  hyper¬ 
diagnosis  and  hypnotherapy  should  be  prevented  as  it  would  result  in  unecessary  infor¬ 
mation  which  is  detrimental  to  the  person  (Mody  et  al.,  2014). 

In  the  case  of  diagnostic  nanomedicines,  false  positive  results  about  particular 
gene  expression  in  cancer  can  lead  to  improper  treatment.  Thus  it  is  the  responsibility 
of  the  technician  to  ensure  that  results  obtained  by  such  devices  are  true  and  reflect  the 
inherent  conditions  in  the  body.  Interpretation  of  results  obtained  by  these  diagnostic 
nanodevices  by  a  nontechnical  person  should  be  avoided  (Choudhury  et  al.,  2017; 
Watson,  2007). 


18*6  CONCLUSION 


The  chapter  revealed  the  differences  among  the  leading  regulatory  bodies  of  the  world 
in  medicine.  We  can  conclude  that  some  areas  are  more  advanced  in  marketing  nanomedi¬ 
cines  than  others.  These  regional  differences  call  for  close  collaboration  of  various  regula¬ 
tory  bodies  to  share  experiences  and  to  train  scientists  who  will  be  confronted  with  more 
nanomedical  applications  in  the  future.  Additional  challenges  such  as  the  evaluation  of 
"nanosimilars,"  borderline,  and  combination  products  will  require  special  regulatory 
awareness  and  are  already  on  the  agenda  of  international  working  groups. 
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Abbreviations 


ADME 

API 

CHMP 

CORES 

DNA 

EFSA 

EMA 

EMA 

EMEA 

EPA 

ETP 

Nanomedicine 

EU 

FDA 

HIV 

ICH 

IMI 

IRB 

LAL 

MHLW 

miRNA 

MTT 

NBCD 

NCI 

NCTAS 

NETS 

NIEHS 

NIOSH 

NNS 

NSF 

NTIG 

OECD 

PAT 

R&D 

RES 

RNAi 

SCENIHR 

siRNA 

TGA 

US 


absorption,  distribution,  metabolism  and  excretion 

active  pharmaceutical  ingredient 

committee  for  medicinal  products  for  human  use 

collaborative  opportunities  for  research  excellence  in  science 

deoxyribonucleic  acid 

European  Food  Safety  Authority 

European  Medical  Agency 

European  Medicines  Agency 

European  Medicines  evaluation  Agency 

Environmental  Protection  Agency 

European  Technology  Platform  on  Nanomedicine 

European  Union 

Food  and  Drug  Administration 

human  immunodeficiency  virus 

International  Conference  on  Harmonisation 

Innovative  Medicines  Initiative 

institutional  review  board 

limulus  amebocyte  lysate 

Ministry  of  Health,  Labour  and  Welfare 

microRNA 

3-(4,  5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide 
nonbiological  complex  drugs 
National  Cancer  Institute 

National  Centre  for  Advancing  Translational  Sciences 

National  Enabling  Technologies  Strategy 

National  Institute  of  Environmental  Health  Sciences 

National  Institute  for  Occupational  Safety  and  Health 

National  Nanotechnology  Strategy 

National  Science  Foundation 

internal  Nanotechnology  Interest  Group 

Organisation  for  Economic  Cooperation  and  Development 

process  analytical  technology 

research  and  development 

reticuloendothelial  system 

RNA  interference 

Scientific  Committee  on  Emerging  and  Newly  Identified  Health  Risks 
silencing  RNA 

Therapeutic  Goods  Administration 
United  States 
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Adherens  junctions  (AJ),  547— 548 
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AET.  See  Active  efflux  transport  (AET) 
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AMT.  See  Absorptive  mediated  transcytosis  (AMT) 
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targeted  delivery,  553 
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polymers,  105—106 
Anticoagulant  effect,  129-130 
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Antifoaming  agents,  63 
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delivery,  625 
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potential  benefits  of,  630 

Ara-AMP.  See  Adenine  arabinoside  monophosphate 
(Ara-AMP) 

Area  under  curve  (AUC),  233 
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Atomic  force  microscopy  (AFM),  223,  357,  358/,  376, 
378-379,  621 
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Augmented  efficacy,  20—21 
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B-cell  lymphoma /leukemia  2  protein  (BCL-2),  697 
BA.  See  Bioavailability  (BA) 

Bacillus  Calmette  Guerin  (BCG),  320 
Bakelite.  See  Phenol/ formaldehyde  resin 
Basal  lamina  functions,  547 
Bases,  68-69 
absorption  bases,  68—69 
hydrocarbon  bases,  68 
miscellaneous  bases,  69 
water-removable  bases,  69 
water-soluble  bases,  69 
BBB.  See  Blood— brain  barrier  (BBB) 

BBCs.  See  Biodegradable  block  copolymers  (BBCs) 

BCG.  See  Bacillus  Calmette  Guerin  (BCG) 

BCL-2.  See  B-cell  lymphoma /leukemia  2  protein  (BCL- 

2) 

BCMs.  See  Block  copolymer  micelles  (BCMs) 

BCRP.  See  Breast  cancer  resistance  protein  (BCRP) 

BCS.  See  Biopharmaceutics  Classification  System  (BCS) 

BCSFB.  See  Blood— cerebrospinal  fluid  barriers  (BCSFB) 

Bench-top  analytical  models,  390 

Benzalkonium  chloride,  58,  498,  518,  527—528 

Benzoyl  peroxide,  219 

Benzyl  alcohol,  58 

Berberine-loaded  nanoparticles,  157 

Beta-cyclodextrin  (p-CD),  35,  129,  424 

pl-integrin  adhesion  receptor,  281 

Bevacizumab,  313 

BHb.  See  Bovine  hemoglobin  (BHb) 

Biciromab,  318 1 

Bifunctional  monomeric  units,  94 
Bifunctional /multifunctional  monomers,  89—90 
Binders,  46—47,  4 7t,  54,  97,  123 
Bioactive  material,  polymer  conjugate  systems  for 
controlled  release  of,  156-160 
Bioadhesion  phenomenon,  674 
Bioadhesive  approaches  for  enhanced  ocular  drug 
delivery,  503—509 
acrylate  polymers,  506-507 
albumin,  503 

alginate  based  polymers,  503—505 
chitosan,  505—506 

particulate  vesicular  bioadhesives  in  ophthalmic 
drug  delivery,  507-508 
PLGA  based  ocular  delivery  systems,  509 
poly(ethylene  oxide),  507 
polycaprolactone,  508 
Bioadhesive  polymers,  218,  507— 508 
Bioavailability  (BA),  37,  485 
dose-dependent,  22 
transdermal  drug,  603 
Biochemical  enhancement,  607 


Biocidal  polymers,  106 
Biocompatible /biocompatibility,  69—70,  142 
DMSA-coated  SPIONs,  698 
of  nanomaterials,  748 
polymer,  69—70 

Biodegradable  biopolymers,  213 
Biodegradable  block  copolymers  (BBCs),  187-188, 
402-403,  405/,  408-423,  428-437 
advantages,  403-404 
applications 

as  architect  for  nanoparticles,  435—436 
BCM  preparation,  437 
in  drug  delivery,  428—432 
as  injectable  drug  delivery  systems,  436 
tissue  engineering  applications,  432—434 
biodegradable  cellulose  block  copolymers,  422—423 
biodegradable  materials  for  drug  delivery,  404 
biodegradable  PCL-PEG  block  copolymers,  411 
biodegradable  thermogelling  block  copolymers, 
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for  delivery  of  proteins,  431 
dendrimer-like  star  block  copolymer,  422 
as  drug  delivery  system,  423—428 
hydrobiodegradable  polymer,  414 
packaging  and  sterilization,  437—438 
PBT  copolymers,  419—420 
PEG-based  block  copolymers,  414—419 
PEO-PPO  block  copolymer,  421—422 
pH-sensitive  BBCs,  412 

photocurable  biodegradable  block  copolymers,  408 
photolytic  polymers,  412—413 
pressure-processable,  408 
stable  biodegradable  poly( vinyl  ester)  block 
copolymers,  408-409 
sulfonated  block  copolymers,  421 
thermosensitive  BBC,  411 
Biodegradable  chitosan  nanoparticles,  375 
Biodegradable  copolymers.  See  Biodegradable  block 
copolymers  (BBCs) 

Biodegradable  implants,  498-499 
Biodegradable  materials  for  drug  delivery,  404 
Biodegradable  ocular,  229 

Biodegradable  polymers,  69—70,  94,  99,  187,  206—209, 
236-238,  403-404,  415-416 
life  cycle  of,  404 
materials,  416 

Biodegradable  system,  122—123 

Biodegradation  of  polymers,  factors  affecting,  149—153 
adsorbed  and  absorbed  compounds,  153 
annealing,  152 
chemical  composition,  150 
chemical  structure,  149—150 
configuration  structure,  151 
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( Continued ) 

distribution  of  repeat  units  in  multimers,  150 
molecular  weight,  151 
distribution,  151 
morphology,  151 
physicochemical  factors,  153 
presence 

of  ionic  groups,  150 

of  low-molecular- weight  compounds,  151 
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processing  conditions,  152 
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site  of  implantation,  153 
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storage  history,  152 
Biofilms,  240 
Biointeraction 

components  with  nanomaterials,  345—346 
nanomaterials  properties  involvement  in,  346—348 
inherent  properties,  348 
particle  size,  346-347 
shape,  347 

surface  electric  charge,  348 
BioLinx  polymer,  238—239 
Biological  agents,  161—162 

Biological  environment,  lesser  drug  exposure  to,  19 
Biological  molecules,  450—451 
Biological  rationale  for  CRDDS.  See  also  Medical 
rationale  of  CRDDS 
absorption,  21 
distribution,  21—22 
dose-dependent  bioavailability,  22 
drug  residence  within  therapeutic  window,  23 
drug— protein  binding,  21 
elimination,  22 

individualization  in  diseased  condition,  23—24 
safety  margin,  23 
Biological  system,  354 
Biological  techniques,  541—542 
Biology-based  methodology,  541 
Biomaterials,  351 
superhydrophobic,  208—209 
transportation  inside  cell,  348—351 
Biomedical  applications,  187,  408,  452 
of  dendrimers,  690 1 

failed  clinical  trials  using  nanocarriers,  702— 703 
of  liposomes,  689£ 
of  nanoshells,  691 1 
of  nanotechnology,  464 
of  NPs,  687/ 

of  superparamagnetic  nanoparticles,  691 t 
Biomimetic  polymers,  238—239 


Biomolecular  engineering,  462 
Bionanoparticles,  456 
Bionanoproducts,  464 
Bionanotechnology,  452— 453,  453/,  463 
advantages  of  research,  452—454 
challenges  in  development  of  products,  462—463, 
464/ 

hazards,  464—466 
marketed  formulations,  466 
nanotechnology  and,  450—452 
products,  453 

role  in  pharmaceutical  research,  454—462 
Biopersistent  carriers,  231—232 
Biopharmaceutics  Classification  System  (BCS),  571 
Biopolymers,  210,  213 
Bioreducible  cationic  lipids /polymers,  290 
Biosensors,  216—217,  239 
Biosynthesis  material,  234£ 

Biotechnology,  450 

Blends  of  hydrocolloids  and  carbohydrate-based 
polymers,  162 
Blepharitis,  481-482 

Block  copolymer  micelles  (BCMs),  412—413,  425—426, 
427£ 

preparation,  437 

Block  copolymers,  88,  175,  180-186,  235,  409,  425 
amphiphilic  block  copolymers,  184—186 
block  copolymer-drug  conjugates,  426—427,  428£ 
classification,  405—406,  406/ 
in  drug  delivery,  174— 177 
functionality  in  drug  delivery,  188—193 
hydrophilic  block  copolymers,  181—182 
hydrophobic  block  copolymers,  182—183 
importance  in  drug  delivery  science,  178 
synthetic  methods  of,  407 
thin  films,  423-424,  425£ 

Block  polymers,  88 
Blood,  296 
capillaries,  371 

Blood  and  blood  components,  nanomaterial  interaction 
with,  351—353 
approaches  to  diminishing 

decreasing  nonspecific  protein  interaction, 
351-352 

implementing  beneficial  aspects  of  protein¬ 
binding,  353 

limiting  immunogenicity,  352—353 
Blood-forming  organs,  296 
Blood— aqueous  barriers,  511 
Blood -borne  substances,  544 
Blood-brain  barrier  (BBB),  273,  333-334,  353,  540, 

541/,  545-548,  547/,  549/,  557t 
anatomy  and  physiology,  544— 554 
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adsorption  mediated  endocytosis,  549 
agglutinant-mediated  transport,  554 
angiogenesis  targeted  delivery,  553 
blood— CSF  barrier,  544 
BSCB,  544 

carrier-mediated  transport,  551 
cell-penetrating  peptides-related  transport,  552 
chemical  compounds  enhanced  BBB  permeability,  553 
EPR  effect-based  strategies  and  related  drug 
delivery  systems,  552 
FUS,  553-554 

inhibition  of  active  efflux  transport,  552 
lowered  extracellular  pH,  552—553 
mechanism  to  overcome,  548—554 
paracellular  transport,  548 
properties  of  BBB  ECs,  546-548 
receptor-involved  changing  of  TJ,  553 
receptor-mediated  transcytosis,  549—551 
transcellular  transport,  549 
disruption,  559 

nanomaterials  interaction  with,  353—354 
related  diseases 

Alzheimer's  disease,  543— 544 
brain  abscess,  542 
epilepsy,  542 

late-stage  eurological  trypanosomiasis,  543 

meningitis,  542 

multiple  sclerosis,  542-543 

NMO,  543 

PML,  543 

transporting  ability,  294—295 
Blood -cerebrospinal  fluid  barriers  (BCSFB),  554 
Blood— retinal  barriers,  511 
Blood -spinal  cord  barrier  (BSCB),  544 
BMECs.  See  Brain  micro  vascular  ECs  (BMECs) 

Bonding  in  polymer  materials,  87,  87/ 

Bone,  433—434 
grafts,  245 
replacement,  457 
Borneol,  553 

Bottom-up  method,  708— 709 

Bovine  hemoglobin  (BHb),  423—424 

Bovine  serum  albumin  (BSA),  141,  423—424,  503 

Bovine  serum  encephalopathy  (BSE),  125—126 

Bowman's  membrane,  476 

BP.  See  British  Pharmacopoeia  (BP) 

Bragg's  equation,  381—382 
Brain 

abscess,  542 

brain-derived  neurotrophic  factor,  562—565 
efflux  mechanisms  in  drug  transport  to,  554—555 
microenvironment,  578—579 
Brain  microvascular  ECs  (BMECs),  580 


Brain-targeted  drug  delivery,  558/ 

anatomy  and  physiology  of  BBB,  544— 554 
diseases  related  to  BBB,  542-544 
efflux  mechanisms  in  drug  transport  to  brain, 
554-555 

marketed  formulations,  581 

physiological  factors  affecting  brain  uptake,  555-557 
strategies  for  drug  delivery  to  brain,  557—578 
systems,  541 

in  vitro  and  in  vivo  methods  for  brain  drug  delivery, 
578-580 

Brain-to-blood  efflux  systems,  556 
Branch  chain  polymers,  93 
Branched  polymers,  212 
Branded  polymers 

AFFINISOL  solubility  enhancing  polymers,  145 
AMBERLITE  and  DUOLITE  ion  exchange  resins, 
145-146 

ENTERACT  HPMCAS  polymers,  145 
ETHOCEL  premium  ethylcellulose  polymers,  146 
lubrizol  polymer,  149 

METHOCEL  premium  cellulose  ethers  CR,  147 
POLYOX  water-soluble  resins,  148 
Breast  cancer  resistance  protein  (BCRP),  519,  554-555 
British  Pharmacopoeia  (BP),  520 
BSA.  See  Bovine  serum  albumin  (BSA) 

BSCB.  See  Blood— spinal  cord  barrier  (BSCB) 

BSE.  See  Bovine  serum  encephalopathy  (BSE) 

BST-Gel,  241-242 

Buccal  route  of  administration,  661—662 
Buffers  and  buffering  agents,  61 
Built-up  substances,  631 
Bulk  additives,  50 
Bulk  erosion,  119,  119/,  187-188 

c 

c-dots.  See  Cornell  dots  (c-dots) 

C3b,  297-298 
C4b,  297-298 
CA.  See  Cholic  acid  (CA) 

CA4.  See  Combretastatin  (CA4) 

CAB.  See  Cellulose  acetate  butyrate  (CAB) 

CALAA-01  (cationic  polymer),  703 
Calcium  carbonate  (CaC03),  40 
Calcium  ions,  668 
Calcium  phosphate  (CaP),  708— 709 
nanoparticle,  673— 674 
Campath,  298,  313-314 
Camptothecin,  231-232,  705 
Cancer  therapy/ therapeutics,  298,  360 

multi-and  dual-responsive  carrier  systems  for  cancer 
targeting,  250£ 
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Cancer  therapy/ therapeutics  ( Continued ) 
stimuli-sensitive  polymers  for,  249—250 
CaP.  See  Calcium  phosphate  (CaP) 

CAP.  See  Cellulose  acetate  phthalate  (CAP) 

Capsules,  2,  114 

dosage  forms,  45,  46/ 
polymers  in,  227 
Carbohydrate,  127 

Carbohydrate-based  polymers,  127-134,  162 
agarose,  132 
alginates,  127—128 
cellulose,  132—134 
chitosan,  129—130 
cyclodextrin,  128—129 
dextran,  130—132 
HA,  132 

Carbomers,  66,  227 

Carbon  nanotubes  (CNTs),  454,  456,  570,  735 
Carbon  tetrachloride  (CT),  716— 717 

dechlorination  rate  by  magnetite  NPs,  716— 717 
Carboplatin,  233 
Carbopol,  507 
Carbopol  934,  227 
Carbopol  971 P,  227 
Carbopol  974P,  227 
polymers,  149 

1,3-bis-p-Carboxy-phenoxypropane-co-sebacic  acid  [p 
(CPP-SA)],  150 

Carboxyl  surfaced  nanodevice,  274 
Carboxylesterases  (CES),  694 
Carboxy methy  1-chi tosan,  241 
Cardiolipin,  713— 714 
Cardiovascular  system,  296—297 
Carmustine  polymer  wafers,  559 
CARP  A.  See  Complement  activation-related 
pseudoallergy  (CARPA) 

Carragelose,  106 
Carrier,  275,  278-281 
amount  of  excipients,  279—280 
cellular,  279 

endogenous  particulate,  278 
macromolecular,  279 
pharmaceutical,  278 
size,  280—281 

supramolecular  delivery  systems,  279 
surface  characteristics,  280 
with  targeting  moieties,  278— 279 
vesicular  systems,  279 

Carrier-mediated  transport  (CMT),  541— 542,  551 
Cartilage,  434 
regeneration,  434 

amphiphilic  scaffold  for,  435£ 

CAS  number,  40,  41 1 


Cationic 

agents,  527—528 
dendrimer,  495 
liposomes,  735 
polymers,  99 
surfactants,  53t 

Cationic  solid  lipid  nanoparticles  (CSLNs),  637 

Cationization  of  drug  molecules,  277 

Caveolae-mediated  endocytosis,  349,  562—565 

Caveolin,  345 

Cavitations,  119,  611 

CBF.  See  Cerebral  blood  flow  (CBF) 

CCMV.  See  Cowpea  chlorotic  mottle  virus  (CCMV) 
CD44.  See  Cluster  determinant  44  (CD44) 

CDDS.  See  Colon  targeted  drug  delivery  (CDDS) 
CDDSs.  See  Controlled  drug  delivery  systems  (CDDSs) 
CE.  See  Cholesterol  esterase  (CE) 

Celecoxib,  140,  492,  515 
Cell,  345-346,  348 
cell-based  tissue  engineering,  245 
drinking  process,  349 
membrane,  345 
proteins,  345 

model  membranes  for  interaction  study,  346 
signaling  process,  357 
transportation  of  biomaterials 
endocytosis,  348—349 
macrophage  uptake,  350—351 
passive  diffusion,  350 

Cell-penetrating  peptides  (CPPs),  295,  360,  549,  678 
based  targeting,  295—296 
CPP-related  transport,  552 
Cell-penetrating  polypeptide,  103 
Cellophane  membrane,  520 
Cellular  carriers,  279 
Cellular  imaging,  737 
Cellular  level.  See  Second  order  targeting 
Cellular  organelles,  nanomaterials  interaction  with, 
360-361 
cytoplasm,  360 
GA,  359 

mitochondria,  358-359 
Cellular  structures,  514 
Cellular  system,  160—161 
Cellulos(es),  48,  55,  132-134,  210,  422-423 
derivatives,  67,  226,  228-229,  675 
esters,  210 

derivatives,  133-134,  134£ 
ethers,  207,  210 
nanoparticles,  374 

Cellulose  acetate  butyrate  (CAB),  134 
Cellulose  acetate  phthalate  (CAP),  134,  488 
Central  nervous  system  (CNS),  2,  540,  545/ 
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Ceramics,  208-209 

Cerebral  blood  flow  (CBF),  556—557 

Cerebral  diseases,  540— 541 

Cerebral  ECs,  545 

Cerium  oxide  nanoparticles,  388 

CES.  See  Carboxylesterases  (CES) 

Cetalkonium  chloride,  527—528 
Cetostearyl  alcohol,  65 
Cetuximab,  313-315,  31  St 

Cetuximab-conjugated  magneto-fluorescent  silica 
nanoparticles  (MFSN-Ctx),  315 
cGMP.  See  Current  Good  Manufacturing  Practice 
(cGMP) 

Chain  defects,  150-151 
Chain  mobility,  414—415 
Chain  polymerization,  90 
Chain-growth  polymerization.  See  Addition 
polymerization 

Characterization  of  polymers,  95—97,  95 / 

Chelating  agent,  60-61 
Chemical 

composition,  150 

compounds  enhanced  BBB  permeability,  553 

degradation,  222,  658 

drug  delivery,  560 

methods,  606 

modifications,  662—665 

species,  155-156 

structure  effect  on  biodegradation  of  polymers, 
149-150 

Chemistry-based  methodology,  541 
Chemosynthesis  material,  234£ 

Chemotherapeutic  agent,  559 
Chemotherapy,  309.  See  also  Cancer  therapy/ 
therapeutics 

CHEMS.  See  Cholesteryl  hemisuccinate  (CHEMS) 
Chinese  plant  ( Artemisia  annua),  293 
Chitosan,  99,  129-130,  131 1,  218,  248,  505-506,  673 
chitosan-based  nanoparticles,  673 
chitosan-coated  deformable  liposomes,  490—491 
polymer,  673,  673/ 

Chitosan  bearing  timolol  maleate  (TM-CHL),  506 
Chlamydia  trachomatis,  482 
Chlorambucil,  560 

Chlorinated  polyvinyl  chloride  (CPVC),  215 

Chloroform,  31,  38 

Chloroquine,  515 

Cholesterol  esterase  (CE),  153 

Cholesteryl  hemisuccinate  (CHEMS),  288 

Cholestyramine  resin,  146 

Cholic  acid  (CA),  191,  437 

Chondrocytes,  434 

Choroid,  477 


Choroidal  blood  flow,  513 

Choroidal  neovascularization  (CNV),  132 

Chronic  kidney  diseases  (CKD),  707 

Chymotrypsin,  667 

Citric  acid,  30,  38,  48 

CKD.  See  Chronic  kidney  diseases  (CKD) 

Classical  light  scattering,  223—224 
Clathrin,  345,  349 

Clathrin-mediated  endocytosis  inhibitor  (CPZ),  349, 
562-565 

Clavulanic  acid  (CLV  acid),  419 
Clindamycin,  140 

Clinical  trials  of  nanomedicines,  745—  746 
CLM.  See  Cross-linked  micelles  (CLM) 

CLSM.  See  Confocal  laser  scanning  microscopy  (CLSM) 
Cluster  determinant  44  (CD44),  132 
CLV  acid.  See  Clavulanic  acid  (CLV  acid) 

CMC.  See  Critical  micelle  concentration  (CMC) 

CMT.  See  Carrier-mediated  transport  (CMT) 

CMV.  See  Cytomegalovirus  (CMV) 

CMVR.  See  Cytomegalovirus  retinitis  (CMVR) 

CNS.  See  Central  nervous  system  (CNS) 

CNTs.  See  Carbon  nanotubes  (CNTs) 

CNV.  See  Choroidal  neovascularization  (CNV) 
COBRA-PzF  system,  238—239 

Collaborative  Opportunities  for  Research  Excellence  in 
Science  Program  (CORES  Program),  740 
Collagens,  125-126,  125/,  547 
Collateral  damage,  686 
Colloidal  gold,  701,  707-708 
Colloids,  205 
Colon  cancer,  281 

Colon  targeted  drug  delivery  (CDDS),  281 
Coloring  agent,  56—57 
Combretastatin  (CA4),  249 
Commercially  available  nanoparticles  delivery 
systems,  709— 716 

Complement  activation-related  pseudoallergy 
(CARPA),  352 

Complement  receptor  type  1  (CR1),  297-298 
Complex  biomolecular  architecture,  454 
Complexation  networks  responding  via  hydrogen  or 
ionic  bonding,  161 
Compression  process,  57 
Condensation 

polymerization,  90,  219 
polymers,  90,  93,  209 

Conducting  polymers  for  medical  applications, 
246-247,  247/ 

Configuration  structure,  151 

Confocal  laser  scanning  microscopy  (CLSM),  625 

Conjunctival  blood  flow,  513 

Conjunctivitis,  482 
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Contact  lenses,  229,  498 
Contact  mode  analysis,  378— 379 
Contaminated  soil,  454 

Control  release  system,  polymers  in,  116—117,  117/ 
Controlled  drug  delivery  systems  (CDDSs),  115,  116/, 
118-120,  188-191 
Controlled  drug  release,  414 
Controlled  radical  polymerization,  91 
Controlled  release  drug  delivery  system  (CRDDS), 
4-7,6/ 

advantages  over  conventional  delivery  systems,  6 
approaches  for  design,  15—17 
biological  approach,  17 
chemical  approach,  15-16 
pharmaceutical  approach,  17 
biological  rationale  for,  21—24 
compounds,  6—7 

concept  and  understanding,  5—6 ,5/ 
design,  7—15 

pharmacokinetic /dynamic  considerations,  8—9 
physicochemical  properties  of  drug,  8 
polymers  for,  9—15 
historical  perspective,  4 

hurdles  to  overcome  by  third  generation  technology, 
5t 

medical  rationale,  17—21 
Controlled  release  system,  114—116,  115/ 
factors  affecting  biodegradation  of  polymers, 
149-153 

modern  polymers  for  modified  release,  160—162 
polymers,  123—149,  218—219 

conjugate  systems  for  controlled  release  of 
bioactive,  156—160 
for  response-based  release,  154—156 
Conventional  antiviral  therapy,  459 
Conventional  delivery  system,  491  —492 
CRDDS  over,  6,  7/ 

Conventional  drug  delivery  systems,  2—4,  3/,  114 
Conventional  magnetometers,  390 
Conventional  marketed  transdermal  products,  599 
Conventional  oral  route,  31 
Conventional  tablets,  55 

Conventional  topical  drug  delivery,  drawbacks  of,  479 
Cooperative  binding,  459-460 
Copaxone,  704 
Copolymerization,  88 
Copolymers,  88,  174,  235,  403,  405 
alternative,  179—180 
block,  180—186 
copolymer  applications 

in  solid  dosage  form,  188—191 
in  transdermal  drug  delivery  system,  191—192 
with  desirable  hydrophilic  /hydrophobic 
interactions,  161 
in  drug  delivery,  174— 177 


graft,  180 

importance  in  drug  delivery  science,  178 
of  PLGA,  562-565 
ratio,  192 

statistical  or  random  polymers,  178— 179 
Coprocessed  excipients,  40—43,  43/ 

CORES  Program.  See  Collaborative  Opportunities  for 
Research  Excellence  in  Science  Program  (CORES 
Program) 

Cornea(l),  475-476,  511-513 
epithelial  cells  delivery,  502 
permeability  studies,  523 
Cornell  dots  (c-dots),  708 
Corona  composition,  348 
Correlation  spectroscopy  (COSY),  382 
Corrosion,  119 
Corticosteroids,  502 
Cosolvents,  60 
Cosurfactants,  60 

COSY.  See  Correlation  spectroscopy  (COSY) 

Coumarin-6,  509 

Covalent  disulfide  bonds,  675 

Covering  materials,  630 

Cowpea  chlorotic  mottle  virus  (CCMV),  712 

Cowpea  mosaic  virus  (CPMV),  712 

CP  nanomaterial  PPy,  239—240 

CPMV.  See  Cowpea  mosaic  virus  (CPMV) 

CPP.  See  Critical  process  parameters  (CPP) 

CPPs.  See  Cell-penetrating  peptides  (CPPs) 

CPVC.  See  Chlorinated  polyvinyl  chloride  (CPVC) 

CPZ.  See  Clathrin-mediated  endocytosis  inhibitor  (CPZ) 
CR1.  See  Complement  receptor  type  1  (CR1) 

CR3,  297-298 
CR4,  297-298 

CRDDS.  See  Controlled  release  drug  delivery  system 
(CRDDS) 

Cream/ ointments/ suppository,  68—69 
CrEL-paclitaxel,  712 
Cremophor  EL,  412 

Critical  micelle  concentration  (CMC),  181,  562 
Critical  process  parameters  (CPP),  75 
CRLX101,  705 

Cross-linked  di-Fab  (DFM),  277 
Cross-linked  micelles  (CLM),  437 
Cross-linked  polymers,  212 
Crosslinkers,  71,  71  £ 

Cryogels,  141 
Cryoprotectants,  72 
Crystalline 

nanoparticles,  708-709 
polymers,  94,  214 

Crystallinity-based  classification  of  polymers,  213—215 
amorphous,  214—215 
crystalline,  214 
semicrystalline,  214 
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Crystallization,  51—52,  151 
of  therapeutic  proteins,  678 
CSLNs.  See  Cationic  solid  lipid  nanoparticles  (CSLNs) 
CT.  See  Carbon  tetrachloride  (CT) 

Curcumin  (Cur),  252-253,  333,  435,  632-633,  696 
curcumin-loaded  chitosan  nanoparticles,  633—635 
fluorescence,  635 

Current  Good  Manufacturing  Practice  (cGMP),  371 

Customer-related  hurdles,  720— 721 

Cutaneous  quality  electrotransfer,  616 

Cyclic  arginine-glycine-aspartic  acid  (RGD),  706 

Cyclodextrin,  66,  128—129,  130f 

Cyclosporine,  492 

Cyclosporine  A,  526-527 

Cysteine,  654/ 

Cytochrome  P-450,  513—514 
Cytomegalovirus  (CMV),  483 
Cytomegalovirus  retinitis  (CMVR),  483 
Cytoplasm,  360 

Cytoplasmic  proteins,  547—548 
Cytoprotective  effects  of  luteolin-loaded  SLNs,  637 
Cytosolic  delivery,  polymers  for,  102—103 
Cytosolic  drug  delivery,  430—431 

D 

D-NAC.  See  Dendrimer-NAC  (D-NAC) 

DAAm.  See  Diacetone  acrylamide  (DAAm) 

Daptomycin,  140 

DaunoXome,  715 

DCs.  See  Dendritic  cells  (DCs) 

DDSs.  See  Drug  delivery  systems  (DDSs) 
Deamidation,  658 

DEBs.  See  Drug-eluting  balloons  (DEBs) 

DEE.  See  Drug  entrapment  efficiency  (DEE) 
Degradation,  33,  187-188 
controlled  system,  118—120,  118/ 
chemical  erosion,  118—119 
physical  erosion,  119—120 
mechanism  of  drug  release,  222 
chemical  degradation,  222 
enzymatic  mechanism,  222 
hydrolytic  mechanism,  222 
Degree  of  association,  96 
Degree  of  polymerization,  88,  206 
Delivery  systems,  178,  676 
Denaturation,  658 
Dendrimer-NAC  (D-NAC),  700 
Dendrimers,  161-162,  290-291,  494-495,  569-570, 
631,  695-696,  695/,  700-701,  735 
biomedical  application  of,  690 1 
dendrimer-entrapped  gold  NPs,  697 
dendrimer-like  star  block  copolymer,  422 
in  transdermal  drug  delivery,  631 


Dendritic  cells  (DCs),  297,  598 
Deoxyribonucleic  acid  (DNA),  99—100,  159—160, 
429-430 
aptamer,  321 

bionanotechnology  research,  453—454 
delivery,  429—430 

DNA-directed  immobilization,  454—455 
nanomaterials  interaction  with,  356—357 
nanostructuring,  454 
polymerase,  357 
synthesis,  714 
transdermal  transport,  625 
Depocyt,  298 

Derjaguin— Landau— Verwey—Overbeek  model  (DLVO 
model),  357 
Dermabrasion,  607 
Dermagraft,  466 
Dermal  sensitivity,  603—604 
Dermis,  598,  617 

DES.  See  Drug-eluting  stents  (DES) 

Descemet's  membrane,  476 
Desmopressin  design,  662 
Detection  as  biomarkers,  456— 457 
De  vic's  disease,  543 
DEX.  See  Dexamethasone  (DEX) 

Dexamethasone  (DEX),  436,  495 
Dexferrum,  707 
Dextran,  130—132 
Dextroamphetamine,  4 
Dextrose,  52 

DFM.  See  Cross-linked  di-Fab  (DFM) 

DHBV.  See  Duck  hepatitis  B  virus  (DHBV) 

1 ,2-Di-0-octadecenyl-3-trimethylammonium  propane 
(DOTMA),  101 

Diabetic  macular  edema  (DME),  481 
Diabetic  neuropathies,  562-565 
Diabetic  Retinopathy  (DR),  483,  495 
Diacetone  acrylamide  (DAAm),  183 
Diacetyl  phosphate-tetraethylenepentamine— based 
poly  cation  liposomes  (TEPA-PCL),  101 
Diblock  copolymers,  88,  144,  144/,  235.  See  also  Block 
copolymers 

Differential  scanning  calorimetry  (DSC),  74,  223 
Diffusion 

diffusion-controlled  system,  116,  120—121 
mechanism  of  release,  220—221 
matrix  diffusion  system,  221 
reservoir  diffusion  system,  220,  221/ 
studies,  523 
Digitoxin,  22 

Diglycidyl  ether  of  bisphenol  A,  216 
Digoxin,  22,  272 
Diluents,  50,  97,  123 
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Dimethyl  aminoethyl  methacrylate  (DMAEMA),  11—12 
Dimethyl  sulfoxide  (DMSO),  72,  632 
N,N-Dimethylacrylamide  (DMA),  183 
N-Dimethylamino  ethyl  methacrylate  hydrochloride 
(DMAEMC),  180 

1.2- Dimyristoyl-3-phosphatidylserine  (DMPS),  616 
ld-Dioctadecyl-d^^'A-tetra  methyl  imido- 

tricarbocyanine  iodide  (DIR),  330—332 
Dioleoyl  phosphatidylcholine  (DOPC),  618 

1 .2- Dipalmitoyl-sn-gly cerol-3-phosphocholine  (DPPC), 
290 

Dipeptidyl  peptidase  4  inhibitor  (DPP-4  inhibitor),  273 
DIR.  See  1,1 -Dioctadecyl-OAA'^-tetra  methyl  imido- 
tricarbocyanine  iodide  (DIR) 

Direct  inoculation  method,  520 
Disease-specific  receptor  selection 

receptor  recycling /internalization,  310 
specificity,  309—310 
Disintegrants,  54,  97 
characteristics,  48 
factors  affecting  action,  49—50 
Disperse  systems,  polymers  in,  227 
Dispersible  tablets,  55 
Disposable  supplies,  polymers  in,  236—237 
Dissolution,  60 

dissolution-controlled  system,  116 
rate,  571— 572 

Distearoyl-phosphatidyl-ethanolamine  (DPSE), 

335-336 

Distribution,  21—22,  31 
control  system,  118 
of  repeat  units  in  multimers,  150 
Disulfide-to-thiol  reduction  reaction,  290 
DLS.  See  Dynamic  light  scattering  (DLS) 

DLTs.  See  Dose-limiting  toxicities  (DLTs) 

DLVO  model. 

See  Derjaguin— Landau— Verwey—Overbeek  model 
(DLVO  model) 

DMA.  See  N,N-Dimethylacrylamide  (DMA);  Dynamic 
mechanical  analysis  (DMA) 

DMAEMA.  See  Dimethyl  aminoethyl  methacrylate 
(DMAEMA) 

DMAEMC.  See  N-Dimethylamino  ethyl  methacrylate 
hydrochloride  (DMAEMC) 

DME.  See  Diabetic  macular  edema  (DME) 

DMPS.  See  l,2-Dimyristoyl-3-phosphatidylserine 
(DMPS) 

DMSO.  See  Dimethyl  sulfoxide  (DMSO) 

DNA.  See  Deoxyribonucleic  acid  (DNA) 
p-DNA.  See  Plasmid  DNA  (p-DNA) 

Docetaxel,  232-233 

DOPC.  See  Dioleoyl  phosphatidylcholine  (DOPC) 


Dosage,  30-31 
form,  573,  604—605 
formulations,  44—72,  44 / 

liquid  dosage  form,  excipients  in,  58—64 
nanoformulations,  excipients  in,  69—72 
semisolid  dosage  form,  excipients  in,  64—69 
solid  dosage  form,  excipients  in,  44—58 
Dose-dependent  bioavailability,  22 
Dose-limiting  toxicities  (DLTs),  699,  703 
Dosing 

frequency,  19 
volume,  573 

DOTMA.  See  l,2-Di-0-octadecenyl-3- 
trimethylammonium  propane  (DOTMA) 

Double  targeting,  295 
Double-stranded  DNA,  454,  455/ 

DOX.  See  Doxorubicin  (DOX) 

DOX-loaded  HMSNs-S-S-Tf  system,  330 
Doxil,  298,  705-706,  710,  736 
"stealth"  liposomes,  710 

Doxorubicin  (DOX),  182,  232,  242-243,  298,  330,  359, 
416,  427,  562-565,  614,  694,  705,  710,  713-714 
DPA-QDs.  See  D-Penicillamine-coated  quantum  dots 
(DPA-QDs) 

DPP-4  inhibitor.  See  Dipeptidyl  peptidase  4  inhibitor 
(DPP-4  inhibitor) 

DPPC.  See  l,2-Dipalmitoyl-sn-glycerol-3- 
phosphocholine  (DPPC) 

DPSE.  See  Distearoyl-phosphatidyl-ethanolamine 
(DPSE) 

DR.  See  Diabetic  Retinopathy  (DR) 

Dressings,  polymers  in,  240—241 
Drug  delivery,  329 
applications,  346 

electrospinning  and  drug  delivery,  460—461 
inorganic  nanoparticles,  459 
lipid-based  nanoparticles,  458— 459 
nanoviricides,  459—460,  460/ 
biodegradable  block  copolymers  for  delivery  of 
proteins,  431 

biodegradable  materials,  404 
block  copolymers,  174— 177 
importance,  178 
to  brain,  557—578,  575t 
ear  as  alternative  route  for  brain,  578 
invasive  methods,  557-559 
iontophoresis,  574— 578 
noninvasive  methods,  559—570 
olfactory  pathway,  570— 574 
ultrasound-mediated  drug  delivery,  574 
copolymer,  174— 177 

applications  in  solid  dosage  form,  188—191 
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applications  in  transdermal  drug  delivery  system, 
191-192 
importance,  178 
delivery  of  plasmid,  430 
DNA  delivery,  429—430 

for  endosomal  escape  and  cytosolic  drug  delivery, 
430-431 

for  enhanced  transdermal  penetration,  431 

miRNA  delivery,  429 

nucleotide  delivery,  430 

polymer  therapeutics  in  targeted,  192—193 

polymers  in,  97—99,  174— 177 

siRNA  delivery,  428—429 

target  specific  drug  delivery  with  drug-conjugate 
block  copolymer,  431  —432 
Drug  delivery  systems  (DDSs),  2,  31,  115— 116, 
126-127,  129f,  136-137,  241,  686 
BBCs  as 
BCMs,  425-426 

block  copolymer  thin  films,  423—424,  425£ 
block  copolymer-drug  conjugates,  426—427 
hydrogels,  427—428 
NPs,  425 

Drug  entrapment  efficiency  (DEE),  627 
Drug  release  mechanisms 

for  controlled  drug  delivery,  118—120 
degradation  controlled  system,  118—120 
from  polymers,  220—223 

degradation  mechanism  of  release,  222 
diffusion  mechanism  of  release,  220—221 
water  penetration  (swelling)  mechanism  of 
release,  222—223 

Drug  retention,  factors  influencing 

drug  binding  by  melanin  in  choroid,  519—520 
drug  efflux  pumps,  519 

influence  of  instilled  volume  and  tear  discharge, 
517-518 

melanin  binding,  518—519 
placement  of  formulations,  517 
preservatives,  518 
protein  binding,  516— 517 
effect  of  systemically  administered  drugs,  518 
Drug  targeting,  270,  308 
advantages,  271/ 

application  to  therapeutic  areas,  296—298 
approaches  and  levels  of,  282-296,  284/ 
scheme  and  rationale  for,  271— 273 
targeted  drug  delivery  systems,  270— 271 
targeted  medical  products,  298—299 
vital  properties  influencing,  273—282 
Drug-conjugate  block  copolymer,  431-432 
Drug-eluting  balloons  (DEBs),  238 
Drug-eluting  stents  (DES),  238—239,  239/ 


Drug-loaded  carrier,  309 
Drug-loaded  nanoparticles,  372— 373 
Drug-related  factors,  604-605 
Drug(s) 

from  animal  and  plant  sources,  30 
binding  by  melanin,  519— 520 
with  binding  receptors,  2 75t 
carriers,  229,  275,  278 
concentration,  273— 274,  573 
distribution  in  eye,  515,  516/ 
effects,  515 
efflux  pumps,  519 
formulations,  415—416 
immobilization,  161—162 
molecular  weight,  276— 277 
nature  of  molecules,  555—556 
particulate  location  and  distribution,  275— 276 
penetration  through  sclera  and  conjunctiva,  516 
physicochemical  properties,  277— 278 
residence  within  therapeutic  window,  23 
Drug— polymer  conjugates,  157,  232 
Drug— protein  binding,  21 
Dry  eye,  482 
Dry  sebum,  632-633 

DSC.  See  Differential  scanning  calorimetry  (DSC) 

DSPE-PEG,  290 

DSPE-PEG-FA,  326 

Dual  targeting  systems,  294-295,  706 

Dual-stimuli  responsive  polymeric  systems,  217 

Duck  hepatitis  B  virus  (DHBV),  106 

DUOLITE  ion  exchange  resin,  145—146 

DXR.  See  Doxorubicin  (DOX) 

Dynamic  barriers,  479,  511 

Dynamic  light  scattering  (DLS),  223—224,  373— 374 
Dynamic  mechanical  analysis  (DMA),  223 

E 

E-caprolactone  (e-CL),  411 

Ear  as  alternative  route  for  brain,  578 

EC.  See  Ethylcellulose  (EC) 

ECM.  See  Extracellular  matrix  (ECM) 

ECs.  See  Endothelial  cells  (ECs) 

EDAX.  See  Energy-dispersive  X-ray  analysis  (EDAX) 
EDTA.  See  Ethylene  diamine  tetra-acetic  acid  (EDTA) 
EDX.  See  Energy-dispersive  X-ray  microanalysis  (EDX) 
Efflux  mechanisms  in  drug  transport  to  brain,  554—555 
BCRP,  555 

multidrug  resistance-associated  protein,  555 
P-gp,  554 

EGF.  See  Epidermal  growth  factor  (EGF) 

EGFP.  See  Enhance  green  fluorescent  protein  (EGFP) 
EGFR.  See  Epidermal  growth  factor  receptor  (EGFR) 
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Elastic  theory,  345 
Elastomer,  216 
Electric  pulses,  615—616 
Electrical  wave  pulses,  615 
Electroactive  hydrogels,  428 
Electrochemical  biosensors,  polymers  in,  239—240 
Electrolysis,  609 
Electrolytes,  62 

Electron  spin  resonance  spectroscopy  (ESR),  223 
Electrophoresis,  613-614 
Electrophoresis  light  scattering  (ELS),  374 
Electroporation,  612—616,  614/ 

in  delivery  of  therapeutic  agents  with  low  molecular 
weight,  614—615 

factors  affecting  electroporation-based  transdermal 
delivery,  613-614 

transdermal  delivery  of  macromolecules,  615—616 
Electrospinning,  460—461 
Electrotransport,  574-578 
Eligard,  705 

Elimination  of  drugs,  22 

ELISA  methods.  See  Enzyme-linked  immunosorbent 
assay  methods  (ELISA  methods) 

Elotuzumab,  31 8f 

ELS.  See  Electrophoresis  light  scattering  (ELS) 

EMA.  See  European  Medical  Agency  (EMA) 

EMD  72000.  See  Matuzumab 

EMEA.  See  European  Medicines  Agency  (EMEA) 

Emollients,  67—68 

Emulsifying  agents,  52 1,  62,  123 

Emulsion,  486—487 

Endocytic  vesicles,  549—551 

Endocytosis,  281,  297,  348—349,  672 

Endogenous  endophthalmitis,  483—484 

Endogenous  particulate  carriers,  278 

Endogenous  posttranscriptional  gene  regulators,  429 

Endophthalmitis,  483—484 

Endoplasmic  reticulum  (ER),  359 

Endosomal  escape,  430—431 

Endosomolytic  polymers,  160—161 

Endothelial  cells  (ECs),  540 

Endothelial  fenestrations,  298 

Endothelium,  476 

Endotoxin,  320 

Energy-dispersive  X-ray  analysis  (EDAX),  379—380 
Energy-dispersive  X-ray  microanalysis  (EDX),  375— 376 
Enhance  green  fluorescent  protein  (EGFP),  697 
Enhanced  permeability  and  retention  effect  (EPR 
effect),  282-283,  291,  351-352,  712 
EPR  dependent  drug  delivery,  426 
strategies  and  related  drug  delivery  systems,  552 
Enhanced  transdermal  penetration,  431 
ENTERACT  HPMCAS  polymers,  145 


Environmental  Protection  Agency  (EPA),  746 
Enzymatic 
activity,  556 

catalyzed  polymerization  process,  212 
hydrolysis,  662-663 
mechanism,  222 

polymerization.  See  Azeotropic  dehydration 
Enzyme  replacement  therapy  (ERT),  193 
Enzyme-linked  immunosorbent  assay  methods  (ELISA 
methods),  454 

Enzymes,  48,  122-123,  161-162,  667 
enzyme-substrate,  156 
inhibition,  665—667 
topoisomerase  II,  714 

EPA.  See  Environmental  Protection  Agency  (EPA) 
Epidermal  growth  factor  (EGF),  433 
Epidermal  growth  factor  receptor  (EGFR),  313—315, 
456 

Epidermis,  431,  598,  603,  617 
Epilepsy,  542 
Epithelial  cells,  667—668 
Epoxy,  237 
resins,  216 

EPR  effect.  See  Enhanced  permeability  and  retention 
effect  (EPR  effect) 

ePTFE.  See  Expanded  polytetrafluoroethylene  (ePTFE) 
ER.  See  Endoplasmic  reticulum  (ER) 

Erb2  hyperactivation,  281 
Erodible  matrix,  122 
Erosion,  118,  187—188 

ERT.  See  Enzyme  replacement  therapy  (ERT) 
Erythrocytes,  17,  278 
Erythropoietin  hormone,  660 
Escherichia  coli ,  504 

ESR.  See  Electron  spin  resonance  spectroscopy  (ESR) 
Etanercept,  637-638 
Ethics  in  nanomedicines,  747—  748 
ETHOCEL  premium  ethylcellulose  polymers,  146,  147/ 
Ethosomes,  621—623 
aquasomes,  630 
dendrimers,  631 

microfabricated  microneedles,  639—642 
NEs,  631-633 

polymeric  nanoparticles,  633—635 
SLNs,  635-639 

in  transdermal  delivery  of  drugs,  624—625 
transfer somes,  626—630,  626/ 

Ethoxzolamide,  481 

Ethylcellulose  (EC),  69-70,  192,  226 

Ethylene  diamine  tetra-acetic  acid  (EDTA),  668 

Ethylene  glycol,  663 

Ethylene  vinyl  acetate,  206—207 

Ethylene  vinyl  alcohol  copolymer  (EVAL),  101,  251 
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Eucalyptol  NE,  632-633 
European  Medical  Agency  (EM A),  742— 743 
European  Medicines  Agency  (EMEA),  720 
EVAL.  See  Ethylene  vinyl  alcohol  copolymer  (EVAL) 
Evan's  blue  dye,  544 
Ex  vivo  corneal  permeation  study,  523 
Ex  vivo  models  to  ocular  drug  delivery  systems 
evaluation,  523—525 
Excipients,  279-280 
coprocessed,  40-43 
criteria  for  selection,  37—40 
in  different  dosage  formulations,  44—72 
excipient-free  formulation,  279 
ideal  properties,  43 
incompatibilities,  74 

in  label  and  package  leaflet  of  medicinal  products, 
76-77 

multifunctional  mineral,  73— 74 

pharma  industry,  34—36 

in  pharmaceutical  formulations,  30—33,  36—37 

QbD  approach  in  selection,  75 

rationale  use  of,  33 

redefining  for  advanced  product  development, 

73 

safety  assessment  of,  75—76 
Excretion,  657 
Exocytosis,  345 

Exogenous  endophthalmitis,  483—484 
Exosomes,  461,  735 
exosome-based  gene  delivery,  461 
Expanded  polytetrafluoroethylene  (ePTFE),  208—209 
Extended  LV  pulses,  615-616 
Extensive  proteolytic  enzymes,  653 
Extracellular  environments,  290 
Extracellular  matrix  (ECM),  244,  432,  578-579 
Extracellular  pH  (pHe),  552-553 
Exubera,  660 
Eye,  475 

anatomy  and  physiology  of,  478— 479 
cancer,  482 

drug  distribution  in,  515,  516/ 
glands  in,  478/ 

routes  to  drug  deliver  to,  480—481 
oral  administration,  481 

periocular  and  intravitreal  administration,  481 
systemic  (parenteral)  administration,  480—481 
topical  administration,  480 
structure 
choroid,  477 

cornea  and  sclera,  475  — 476 

insubstantial  space  of  lower  conjunctival  SAC,  477 
iris,  477 
Eyegate,  502 


F 

FA-PEG-ACGs-Nsps.  See  Folic  acid  modified 
nonaqueous  acetogenins  nanosuspension  (FA-PEG- 
ACGs-Nsps) 

FA-PEG-PEI.  See  Folate  (FA)-decorated  polyethylene 
glycol)-polyethyleneimine  copolymer  (FA-PEG-PEI) 
FACS.  See  Fluorescent  activated  cell  sorting  (FACS) 

FC.  See  Ferrocene  (FC) 

FCC.  See  Functionalized  calcium  carbonate  (FCC) 

FEN.  See  Fentanyl  (FEN) 

Fentanyl  (FEN),  614 
Feraheme,  707 
Ferrlecit,  707 
Ferrocene  (FC),  424 
Ferumoxytol,  707— 708 
Fibers,  216 
Fibrinogen,  351 
Fibrinogen  (Fg),  153 
Fibroblast  suitability  tests,  625 
Fick's  first  law  of  diffusion,  120,  601 
Fillers,  50-55 
celluloses,  55 
dextrose,  52 

inorganic  compounds,  55 

lactose,  50—52 

mannitol,  53—54 

starch  and  derivatives,  54—55 

sucrose,  53 

sugars,  50 

Film  coating  materials,  123 
Film  forming  agents,  97—98 
First  order  targeting,  284—285 
FITC,  618 

Flavoring  agents,  55,  61 
Flocculating  agents,  62 
Flotillin,  345 

Flow  property  analysis,  383—384 
Fluorescence  imaging,  206—207,  737 
Fluorescent  activated  cell  sorting  (FACS),  625 
5-Fluorouracil,  140 
Flurbiprofen,  131,  516— 517 
Flurbiprofen  axetil,  486 
Focused  ultrasound  (FUS),  553— 554,  574 
Folate  (FA)-decorated  polyethylene  glycol)- 

polyethyleneimine  copolymer  (FA-PEG-PEI),  99—100 
Folate  receptor  (FR),  276,  310,  325 
Folates,  324—326 
Folic  acid  (FA).  See  Folates 
Folic  acid  modified  nonaqueous  acetogenins 
nanosuspension  (FA-PEG-ACGs-Nsps),  326 
Folic  acid— conjugated  AuNPs,  697—698 
Follicular  route,  635 
Formulation-related  hurdles,  718— 719 
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Fourier  transform  infrared  spectroscopy  (FTIR),  175, 
374 

Fourth  generation  poly  orthoesters  (POE-IV),  143—144 
Fourth  level  of  targeting,  285—286 
FR.  See  Folate  receptor  (FR) 

Free  radical  polymerization  process,  211 
Freeze— thaw  process,  141 

FTIR.  See  Fourier  transform  infrared  spectroscopy 
(FTIR) 

Functionalized  calcium  carbonate  (FCC),  73 
FUS.  See  Focused  ultrasound  (FUS) 

Fusion  proteins,  735 

G 

G  3  PAMAM  dendrimers,  631 
G6  dendrimers,  700— 701 
GA.  See  Golgi  apparatus  (GA) 

Galactosylated  LP-SY  (GL-LP-SY),  328 
GALT.  See  Gut-associated  lymphatic  tissue  (GALT) 
^-Cyclodextrin-polyethyleneimine-folate  Uj-CD-PEI-FA 
ha),  99-100 

Gas-filled  phospholipid  spheres,  570 
Gas-phase  reactions,  89 

Gastrointestinal  tract  (GIT),  8,  218,  370,  652,  666—667 
site-specific  delivery,  669—670 
Gelatin,  126-127,  128/,  150 
nanoparticles,  233 
Gelling  agents,  66—67,  67£ 

Gel-sol 
behavior,  436 
transition  property,  411 
Gene  delivery 

applications,  461  -462 
polymers  used  for,  99 
Gene  replacement  therapy,  502—503 
Gene  therapy,  430 

Gene-based  medicine  for  ocular  diseases,  502—503 
Generally  regarded  as  safe  (GRAS),  147,  709— 710 
Genitalia,  602-603 

GFP.  See  Green  fluorescent  protein  (GFP) 

Giant  unilamellar  vesicles  (GUVs),  346 
GIT.  See  Gastrointestinal  tract  (GIT) 

GL-LP-SY.  See  Galactosylated  LP-SY  (GL-LP-SY) 

Glass  transition  temperature  (Tg),  211 
Glatiramer  acetate,  704 
Glaucoma,  482 
drug,  527-528 
Glidants,  57 
Glioma,  335 

targeting  strategy,  553 
Glucose  sensor,  239—240 
Glucose  transporters-1  (GLUT-1),  551-552 
D-Glucose  (GLUTs),  335 


Glucose-responsive  polymers,  155 
Glucoside,  156 

GLUT-1.  See  Glucose  transporters-1  (GLUT-1) 

Glutamic  acid,  654/ 

Glutamine,  654/ 

Glutathione  (GSH),  290,  437,  560-561 
GLUTs.  See  D-Glucose  (GLUTs) 

Glycerin,  31 
Glycine,  654/ 

Glycopolymer-b-polyG-caprolactone)  (GP-PCL),  193, 
437 

Glycoproteins,  547 
Glycosidase,  118—119 

Gold  nanoparticle-coated  mesoporous  silica  (MSN- 
AuNPs),  353-354 

Gold  nanoparticles  (AuPNs),  239-240,  324,  359,  459, 
696-698,  697/,  701,  746 
Golgi  apparatus  (GA),  359 

GP-PCL.  See  Glycopolymer-b-polyG-caprolactone)  (GP- 
PCL) 

Graft  copolymers,  175,  180 

GRAS.  See  Generally  regarded  as  safe  (GRAS) 

Green  fluorescent  protein  (GFP),  625 
Growth  hormone,  605—606 
GSH.  See  Glutathione  (GSH) 

Guar  gum,  38 

Gut-associated  lymphatic  tissue  (GALT),  464—465 
GUVs.  See  Giant  unilamellar  vesicles  (GUVs) 

H 

JH  HRMAS  NMR,  382 
'H  NMR  spectroscopy,  382,  383/ 

H7N9  influenza  virus,  313 

HA.  See  Hemagglutinin  (HA);  Hyaluronic  acid  (HA) 
HAART.  See  Highly  active  antiretroviral  therapy 
(HAART) 

Hair  follicles,  632-633,  635 
Hairless  mice  skin  tissue,  618 
Hairpin,  159 

Hall  effect  magnetometers,  390 
Hazards,  38,  605 
artificial  excipients,  38/ 
of  bionanotechnology,  464—466 
HBE.  See  Human  bronchial  epithelial  (HBE) 

HCE-T.  See  Human  corneal  epithelial  (HCE-T) 

HCEC.  See  Human  corneal  epithelial  cells  (HCEC) 
hCT.  See  Human  calcitonin  (hCT) 

HDI.  See  Hexamethylene  diisocyanate  (HDI) 

HDL.  See  High-density  lipoprotein  (HDL) 

HDPE.  See  High-density  polyethylene  (HDPE) 

Heat  shock  protein  (Hsp),  712 
Hemagglutinin  (HA),  313 
Hematite  (a-Fe203),  698 
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Hemodialysis  membranes,  251 
Hemolysis  profiling,  380—381,  381/ 

Hemophilia  B,  296 

Hen's  Egg  Chorioallantoic  Membrane  Test  (HET  CAM 
test),  523,  525f 
Heparin,  611—612 
Hepatic  cells,  716 
HepDirect,  336 

HER  2.  See  Human  epidermal  growth  factor  receptor  2 
(HER  2) 

Herbal  extracts,  157,  158f 
Herbal  medicines,  157 
Herceptin,  298 

Herpes  simplex  vims  type-1  transcription  factor  (HSV 
type-1  transcription  factor),  103 
HET  CAM  test.  See  Hen's  Egg  Chorioallantoic 
Membrane  Test  (HET  CAM  test) 

Heteronuclear  single  quantum  coherence  (HSQC),  382 
Hexamethylene  diisocyanate  (HDI),  144—145 
hGH.  See  Human  growth  hormone  (hGH) 

High-density  lipoprotein  (HDL),  278 
High-density  polyethylene  (HDPE),  93—94,  208—209 
High-performance  liquid  chromatography  (HPLC),  74 
High-resolution  magic-angle  spinning  NMR 
spectroscopy  (HRMAS  NMR  spectroscopy),  382 
Highly  active  antiretroviral  therapy  (HAART),  483 
HIM2  product,  664 
Hip  implants,  237 
Hippocrates,  30 
Histidine,  654/ 

Histopathologic  analysis,  314/ 

HIV-1  TAT  peptide,  103 

HLB.  See  Hydrophilic— lipophilic  balance  (HLB) 

HLEC.  See  Human  lens  epithelial  cells  (HLEC) 

HMSNs.  See  Hollow  mesoporous  silica  nanoparticles 
(HMSNs) 

Hollow  mesoporous  silica  nanoparticles  (HMSNs),  330 
Homing  device,  286 
Homopolymers,  174,  405 

HPLC.  See  High-performance  liquid  chromatography 
(HPLC) 

HPMA.  See  N-(2-Hydroxypropyl)  methacrylamide 
(HPMA) 

HPMC.  See  Hydroxypropyl  methylcellulose  (HPMC) 
HPMCAS.  See  Hypromellose  acetate  succinate 
(HPMCAS) 

HPMCP.  See  Hydroxypropyl  methylcellulose  phthalate 
(HPMCP) 

HRMAS  NMR  spectroscopy.  See  High-resolution 
magic-angle  spinning  NMR  spectroscopy  (HRMAS 
NMR  spectroscopy) 

HRV14.  See  Human  rhino  virus  (HR  VI 4) 

HSA.  See  Human  serum  albumin  (HSA) 


Hsp.  See  Heat  shock  protein  (Hsp) 

HSP90  inhibitors,  290 

HSPC.  See  Hydrogenated  soybean  phosphatidylcholine 
(HSPC) 

HSQC.  See  Heteronuclear  single  quantum  coherence 
(HSQC) 

HSV  type-1  transcription  factor.  See  Herpes  simplex 
virus  type-1  transcription  factor  (HSV  type-1 
transcription  factor) 

HSV  VP-22  peptide,  103 

HTDMA.  See  Hygroscopicity  tandem  differential 
mobility  analyzer  (HTDMA) 

Human  bronchial  epithelial  (HBE),  359 
Human  calcitonin  (hCT),  428 
Human  corneal  epithelial  (HCE-T),  503 
Human  corneal  epithelial  cells  (HCEC),  508 
Human  epidermal  growth  factor  receptor  2  (HER  2), 
313 

Human  growth  hormone  (hGH),  424 
Human  lens  epithelial  cells  (HLEC),  508 
Human  rhino  virus  (HRV14),  424 
Human  serum  albumin  (HSA),  713 
Huntington's  disease,  562—565 
Huperzine  loaded  nanoparticles,  553 
Hyaluronan.  See  Hyaluronic  acid  (HA) 

Hyaluronic  acid  (HA),  132,  133 t,  188,  235,  433-434 
Hydrobiodegradable  polymer,  414 
Hydrobiodegradation,  414 
Hydrocarbon  bases,  68 
Hydrocolloids,  64,  162 
Hydrodynamic  pressure,  122 
Hydrogel,  212,  222-223,  243,  427-428,  677 
of  PVA,  141 

system  of  poly  (2-hydroxy  ethyl  methacrylate),  105 
Hydrogen  bonding,  653,  674 
Hydrogen  peroxide  (H202),  637 
Hydrogenated  soybean  phosphatidylcholine  (HSPC), 
294 

Hydrolysis  process,  118—119,  122—123,  658 
Hydrolytic  mechanism,  222 
Hydrophilic  block  copolymers,  181—182 
Hydrophilic  character,  142 
Hydrophilic  contact  lenses,  498 
Hydrophilic  polymer,  71,  375,  434 
Hydrophilic  segments,  188 
Hydrophilic  surfactant,  65 
Hydrophilic— lipophilic  balance  (HLB),  62 
Hydrophobic  block  copolymers,  182-183 
Hydrophobic  implants,  144 
Hydrophobic  polyesters,  409 
Hydrophobic  segments,  188 
Hydroxyapatite,  708-709 
Hydroxyethyl  cellulose,  226 
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Hydroxyl  group  (OH),  235,  665-666 
Hydroxyl  PAMAM  dendrimers,  569—570 
Hydroxypropyl  methylcellulose  (HPMC),  226—227, 
613-614 

Hydroxypropyl  methylcellulose  phthalate  (HPMCP), 
134 

IV-(2-Hydroxypropyl)  methacrylamide  (HPMA),  178, 
184-185,  231-232,  249,  361 
Hygroscopicity,  384-385 

Hygroscopicity  tandem  differential  mobility  analyzer 
(HTDMA),  384 

Hyperbranched  polymers,  290—291 
Hypodermic  needles,  606—607 
Hypoglycemic  effect,  672-673,  676 
Hypoxia,  249,  426 
Hypromellose,  227,  230 

Hypromellose  acetate  succinate  (HPMC AS),  145 

I 

i.v.  injection.  See  Intravenous  injection  (i.v.  injection) 

ICG.  See  Indocyanine  green  (ICG) 

ICH.  See  International  Conference  on  Harmonization 
(ICH) 

IDE.  See  Insulin-degrading  enzyme  (IDE) 

Ideal  drug  candidates  for  transdermal  delivery, 
597-598 

Ideal  nanocarrier  system,  characteristics  of,  692—693 
Ideal  properties  of  excipients,  43 
IFNb.  See  Interferon  b  (IFNb) 

IGF1.  See  Insulin-like  growth  factor  1  (IGF1) 

IgM.  See  Immunoglobulin  M  (IgM) 

z'HM.  See  Integrated  microhall  magnetometer  (z'HM) 

IL.  See  Interleukin  (IL) 

IM  injection.  See  Intramuscular  injection  (IM  injection) 
Imatinib  mesylate,  574 

IMI.  See  Innovative  Medicines  Initiative  (IMI) 
Immobilization  of  enzymes,  drugs,  peptides,  or 
biological  agents,  161—162 
Immune  system  of  body,  374— 375 
Immuno-PCR,  454 
Immunogenicity,  673 
limiting,  352—353 
PEGylation,  280 
Immunoglobulin,  17,  351 
Immunoglobulin  M  (IgM),  352 
Immunoliposomal  nanoparticles,  385—386 
Immunotoxicity,  736,  743— 745 
Implantation  site,  153 
Implants,  498—499 
in  ophthalmic  delivery,  500£ 
polymers  in,  237 

strategies  for  drug  delivery  to  brain,  559 
In  situ  gelling  system,  235,  488-489 


In  vitro  assays,  746 

In  vitro  corneal  penetration  test,  508 

In  vitro  method 

for  brain  drug  delivery,  578— 580,  579/,  579t 
for  ocular  drug  delivery  system  evaluation 

diffusion  studies  or  ex  vivo  corneal  permeation 
study,  523 
drug  content,  522 
isotonicity  evaluation,  521 
ocular  irritation,  521—522 
osmolarity,  521 
pH,  522 

stability  study,  522 
sterility  test,  520 
viscosity,  522 

in  vitro  drug  release  study,  520 
in  vitro  microbiological  study,  522 
In  vivo 
assays,  746 

environment,  281  —282 
ionic  strength,  282 
pH,  281 
polarity,  281 
surface  tension,  282 

method  for  brain  drug  delivery,  578—580 
MRI  imaging,  317/ 

In-stent  restenosis  (ISR),  238 
Indian  Pharmacopoeia  (IP),  31,  520 
Indirubin,  420 

Individualization  in  diseased  condition,  23—24 
Indocyanine  green  (ICG),  290 
Indomethacin,  431—432 
INFed,  707 

Inflammation,  542,  671— 672 
Inflammatory  bowel  syndrome,  131 
Infrared  spectroscopy  (IR),  223 
INH.  See  Isonicotinylhydrazine  (INH) 

Inhaling  NPs,  716 

Inhibition  of  active  efflux  transport,  552 
INHP.  See  Pentenyl-INH  (INHP) 

Injectable  drug  delivery  systems,  BBCs  as,  436 
Injectable  nanocomposite  cryogels,  677— 678 
Innovative  Medicines  Initiative  (IMI),  739 
Inorganic 
clays,  48 
compounds,  55 

nanoparticles,  459,  673— 674,  707— 708 
Insoluble  ocuserts,  229 
Institutional  review  board  (IRB),  746 
Insulin,  4,  16,  605-606 
delivery  system,  155 
hormone,  660 

insulin  receptor-mediated  RMT,  550— 551 
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insulin-loaded  biodegradable  NPs,  435—436 
Insulin-degrading  enzyme  (IDE),  666—667 
Insulin-like  growth  factor  1  (IGF1),  694 
Integrated  microhall  magnetometer  (zHM),  390 
Interactions  of  polymers,  97 
Interferon  b  (IFNb),  132 
Interleukin  (IL),  550 
Intermolecular  linking,  104 
Internalization  of  nanodevices,  274 
International  Conference  on  Harmonization  (ICH), 
736-737 

International  Pharmaceutical  Excipients  Council 
(IPEC),  58 

Intertek  company,  371 
Intra-cellular  environments,  290 
Intracerebral  delivery,  557-559 
Intramuscular  injection  (IM  injection),  656 
Intranasal  administration,  574,  661 
Intraocular  drug  delivery,  484 
Intraocular  pressure  (IOP),  482 
Intravenous  injection  (i.v.  injection),  557,  652 
Intravenous  iron-based  nanocolloidal  products, 
reflection  paper  on,  743 

Intravenous  liposomal  products,  reflection  paper  on, 
743 

Intraventricular /intrathecal /interstitial  delivery,  558 
Intravitreal  administration,  481 
Intravitreal  delivery,  501 

Invasive  method,  540— 541.  See  also  Nonin vasive 
method 

BBB  disruption,  559 
implants,  559 

intracerebral  delivery,  557—559 
intraventricular /intrathecal /interstitial  delivery,  558 
Inverse  emulsion  polymerization,  388 
Inverse  targeting,  283 
Ion  exchange  polymers,  13—15,  1 5t,  153 
Ion-activated  systems,  488-489 
Ionic  groups,  150 

Ionic  strength  of  polymers,  153,  155,  282 
Ionization,  277 

Ionotropic  gelation  technique,  375 
Ions,  153 

Iontophoresis,  501-502,  502/,  574-578,  608-610, 
660-661 

in  drug  delivery,  609—610 
mechanistic  behind,  609 
IOP.  See  Intraocular  pressure  (IOP) 

IP.  See  Indian  Pharmacopoeia  (IP) 

IPDI.  See  Isophorone  diisocyanate  (IPDI) 

IPEC.  See  International  Pharmaceutical  Excipients 
Council  (IPEC) 

IR.  See  Infrared  spectroscopy  (IR) 


IR-700.  See  IRDye  700DX  (IR-700) 

IRB.  See  Institutional  review  board  (IRB) 

IRDye  700DX  (IR-700),  315 
Irinotecan,  694 
Iris,  477 

Iron  oxide  nanoparticle,  382—383,  458,  698,  702 
Iron(III)  oxide  (Fe203),  698 
Irreversible  cardiac  toxicity,  713— 714 
Irritation,  factors  affecting  of  TDDS  design,  603—604 
Isoleucine,  654/ 

Isomerization,  74 
Isoniazid,  232 

Isonicotinylhydrazine  (INH),  285 
Isophorone  diisocyanate  (IPDI),  411 
Isotactic  polymers,  94 
Isothermal  stress  testing  (1ST),  74 
Isotonicity  evaluation,  521 
Ispaghula  husk,  38 
ISR.  See  In-stent  restenosis  (ISR) 

1ST.  See  Isothermal  stress  testing  (1ST) 

J 

JAMs.  See  Junctional  adhesion  molecules  (JAMs) 

JCR.  See  Journal  of  Controlled  Release  (JCR) 

Jet  injections,  606—607 
John  Cunningham  polyoma  virus,  543 
Joint  EMA/MHLW  reflection  paper,  743 
Journal  of  Controlled  Release  (JCR),  4 
Junctional  adhesion  molecules  (JAMs),  548 

K 

K-Naph.  See  Potassium  naphthalene  (K-Naph) 

Kaplan— Meier  survival  curve,  562—565 

190  kDa  protein,  555 

Keratinocytes,  433,  598 

Keratitis,  482 

Keratoconjunctivitis,  482 

Keratouveitis,  482 

Ketoprofen,  612 

Ketotifen  loaded  ethosomes  formulation,  621 
Kilovoltage,  701 

L 

L-929  cells,  508 

L/D  ratios.  See  Length  to  diameter  ratios  (L/D  ratios) 
LA.  See  Lactic  acid  (LA);  Linoleic  acid  (LA);  Lipoic 
acid  (LA) 

Lachrymal  drainage  for  ocular  drug  delivery  system 
design,  479—481 
Lacrisert,  496 
Lactic  acid  (LA),  30,  418 
Lactobacillus  acidophilus ,  135—136 
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Lactobionic  acid  (LB A),  193,  437 
Lactoferrin  (LF),  332—333 
Lactose,  35,  38,  50—52 
Lamellae  morphology,  73— 74 
Laminins,  547 
Lamivudine,  625 
Laplace  pressure,  282 
Large  unilamellar  vesicles  (LUVs),  346 
Large  volume  of  distribution,  272 
Large-scale  manufacturing  of  nanomedicines,  736 
Laser  Doppler  microelectrophoresis. 

See  Electrophoresis  light  scattering  (ELS) 

LAT-1.  See  Amino  acid  transporters  (LAT-1) 

Late-stage  eurological  trypanosomiasis,  543 
Latex,  216 

LBA.  See  Lactobionic  acid  (LBA) 

LCPC.  See  Low  crystalline  powdered  cellulose  (LCPC) 
LCST  system.  See  Low  critical  solution  temperature 
system  (LCST  system) 

LDL.  See  Low-density  lipoprotein  (LDL) 

LDPE.  See  Low-density  polyethylene  (LDPE) 

Lectins,  326-328 

Length  to  diameter  ratios  (L/D  ratios),  89 
Lesser  drug  exposure  to  biological  environment,  19 
Leucine,  654/ 

Leuconostoc  dextranicum,  130 
Leuconostoc  mesenteroides,  130 
Leukocytes,  546 
Levofloxacin,  492—493 
LF.  See  Lactoferrin  (LF) 

LFUS.  See  Low-frequency  ultrasound  (LFUS) 
Ligand-targeted  drug  fabrication 

disease-specific  receptor  selection,  309—310 
targeting  ligand  selection,  311—312 
Ligand-targeted  drugs  (LTDs),  311—312 
Ligand (s),  353 

chemistries  of  conjugation  site  of,  312 
ligand-binding  affinity,  311—312 
ligand-mediated  targeting,  286 
size,  31 1 

for  targeted  drug  delivery 
approaches  for  targeting,  309 
fabrication  of  ligand-targeted  drug,  309—312 
general  structure  composed  of  targeting  moiety, 
308/ 

ligand-targeted  products  in  market,  336,  336£ 
targeting  ligands,  312—336 
Light  scattering  method,  223—224,  374 
Linear  low-density  polyethylene  (LLDPE),  211 
Linear  polymers,  93,  21 1 
Linoleic  acid  (LA),  288 
Lipase  enzyme,  678 
Lipid(s),  70,  153,  461 


emulsions,  487 
film,  620 

lipid-based  nanomedicines,  737,  738£ 
lipid-based  nanoparticles,  458—459 
microbubbles,  570 
nanobubbles,  294 
nanoparticles,  635 
phase,  8 
solubility,  559 
Lipidic  membrane,  350 
Lipoic  acid  (LA),  191,  437 
Lipophilic 
analogs,  559 
compounds,  710— 711 
drugs,  555-556,  571 
Lipophilicity,  571 
Lipoproteins,  278 
Liposomal 

anthracy dines,  714 
cytarabine.  See  Depocyt 
delivery  systems,  694 
doxorubicin.  See  Doxil 
Irinotecan,  705 
nanoparticles,  705— 706 

Liposomal  vesicles  containing  silibinin  (LP-SY),  328 
Liposome— hyaluronic  acid  (LPH),  101 
Liposomes,  17,  275,  294,  459,  490—491,  507— 508, 
560-561,  616-620,  675-676,  675/,  694,  709,  735 
biomedical  application  of,  689£ 
liposome-encapsulated  daunorubicin,  715-716 
liposome-encapsulated  doxorubicin,  713— 715 
mechanistic  behind  transdermal  delivery  through, 
620 

polymeric  micelles,  502 
Liquid  dosage,  39,  40/,  51 1 
excipients  in,  58-64,  59/ 
antifoaming  agents,  63 
buffers  and  buffering  agents,  61 
cosolvents,  60 
emulsifying  agents,  62 
flavoring  agents,  61 
flocculating  agents,  62 
hydrocolloids,  64 
propellants,  63 
sequestering  agents,  60—61 
solvents,  59—60 
surfactants,  63 
suspending  agents,  61 
tonicity  modifiers,  63—64 
wetting  agents,  62 
Liquid  oral  dosage  forms,  58 

LLDPE.  See  Linear  low-density  polyethylene  (LLDPE) 
LMWPs.  See  Low  molecular  weight  proteins  (LMWPs) 
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Lomefloxacin  HC1,  494 

Low  absorption  in  targeted  drug  delivery,  272 
Low  critical  solution  temperature  system  (LCST 
system),  12-13,  102,  154,  217,  241-242 
Low  crystalline  powdered  cellulose  (LCPC),  132-133 
Low  molecular  weight  hydroxyethyl  chitosan,  276— 277 
Low  molecular  weight  proteins  (LMWPs),  276 
Low  specificity  of  drug,  273 
Low  therapeutic  index,  273 
Low  voltage  pulses  (LV  pulses),  616 
Low-density  lipoprotein  (LDL),  278 
receptor,  549—551 

Low-density  lipoprotein  receptor-related  protein  1 
(LRP1),  560-565 

Low-density  polyethylene  (LDPE),  93—94 
Low-frequency  ultrasound  (LFUS),  294 
Low-molecular-weight  compounds  in  polymer  sample, 
151 

Low-temperature  sensitive  liposomes,  289 
Lower  conjunctival  SAC  (Cul-De-SAC),  477 
insubstantial  space  of,  477 
Lowered  extracellular  pH,  552-553 
LP-SY.  See  Liposomal  vesicles  containing  silibinin  (LP- 
SY) 

LPH.  See  Liposome— hyaluronic  acid  (LPH) 

LRP1.  See  Low-density  lipoprotein  receptor-related 
protein  1  (LRP1) 

LTDs.  See  Ligand-targeted  drugs  (LTDs) 

Lubricants,  45—46 
Lubrizol  polymer,  149 
Luciferase  (LUC),  697 

LUVs.  See  Large  unilamellar  vesicles  (LUVs) 

LV  pulses.  See  Low  voltage  pulses  (LV  pulses) 
Lymphatic  system,  371 
Lysine,  654/ 

Lysosomal  enzymes,  514 
Lysozyme,  276,  573 

M 

M  cell-targeting  ligand,  282 
M-SLN.  See  Mannosylated-DPSE  solid  lipid 
nanoparticles  (M-SLN) 

M6P.  See  Mannose-6-phosphate  (M6P) 

MAA.  See  Methacrylic  acid  (MAA) 

MAb.  See  Monoclonal  antibody  (MAb) 

Macromolecular  carriers,  279 
Macromolecules,  88—89,  275,  354—355 

electroporation-based  transdermal  delivery  of, 
615-616 
Macrophage 

nanomaterials  interaction  with,  354—355 
polarization  effect,  355 
uptake,  350—351 


Magainin,  607 
Maghemite  Cf-Fe2C>3),  698 
"Magic  bullet"  concept,  270 

Magic-angle  spinning  NMR  spectroscopy  (MAS  NMR 
spectroscopy),  382 
Magnesium  stearate,  45—46 
Magnetic  field  responsive  polymers,  156 
Magnetic  nanoparticles  (MNP),  293 
for  brain  targeting,  568 
characterization,  390 
Magnetic  property  analysis,  390 
Magnetic  resonance  imaging  (MRI),  206—207,  315,  328, 
333,  701 

Magnetic  systems,  292—293 
Magnetite  (Fe304),  698 

MAN.  See  p-Aminophenyl-a-D-manno-pyranoside 
(MAN) 

Manmade  polymers,  211 
Mannitol,  53—54 
Mannose  derivatives,  333—336 
Mannose-6-phosphate  (M6P),  333—334 
Mannosylated-DPSE  solid  lipid  nanoparticles  (M-SLN), 
335-336 

Marketed  formulations  available  as  brain-targeted 
drug  delivery  system,  580f,  581 
MAS  NMR  spectroscopy.  See  Magic-angle  spinning 
NMR  spectroscopy  (MAS  NMR  spectroscopy) 

Mass  of  polymeric  molecule,  95—96 
Material  quality  attributes  (MQA),  75 
Matrix  diffusion  system,  221 
Matrix  forming  agents,  97 
Matuzumab,  315—318,  318£ 

Maximum  targeted  dose  (MTD),  308,  699 
MC.  See  Methylcellulose  (MC) 

MCC.  See  Microcrystalline  cellulose  (MCC) 

MCT-1.  See  Monocarboxylic  acid  transporters-1 
(MCT-1) 

MDR.  See  Multidrug  resistance  (MDR) 

ME  A.  See  Multielectrode  cluster  (ME  A) 

Medical  devices,  polymers  in,  237—239 
DEBs,  238 
DES,  238-239 

Medical  rationale  of  CRDDS,  17—21,  18/.  See  also 
Biological  rationale  for  CRDDS 
augmented  efficacy,  20—21 
better  patient  compliance,  20 

lesser  drug  exposure  to  biological  environment,  19 
lower  adverse /side  effects,  20 

minimization  of  plasma  concentration  fluctuations, 

19 

reduction  in  dosing  frequency,  19 
Megavoltage  X-rays,  701 
Melanin,  drug  binding  by,  518—520 
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Melt  condensation,  143 
Membrane  osmometry,  95—96,  224 
Membrane  transporters,  670— 671 
Membranes  model  for  interaction  study,  346 
Meningitis,  542 

MEs.  See  Microemulsions  (MEs) 

Metal  oxide  NPs,  707 
Metal  stub,  376 
Metallic  NPs,  707-708 
Metals,  208-209 

Methacrylic  acid  (MAA),  160,  287 
copolymers,  226 
homopolymer,  142—143 
Methanol,  420 
Methionine,  654/ 

METHOCEL  premium  cellulose  ethers  CR,  147,  148/ 
Methotrexate  (MTX),  555,  637—638 
Methyl  methacrylate  (MM A),  180 
2-Methyl-2-propenoic  acid  homopolymer,  142—143 
Methyl-thiazol-tetrazolium  (MTT),  495 
Methylcellulose  (MC),  226-227 
MFSN-Ctx.  See  Cetuximab-conjugated  magneto- 
fluorescent  silica  nanoparticles  (MFSN-Ctx) 
Micelles,  426,  562 
Microbial 

contamination,  33 
fermentation  process,  137—138 
infection,  106 
Microbubbles,  570 
Microcapsules,  17,  492 
Microcrystalline  cellulose  (MCC),  132—133 
Microemulsions  (MEs),  489—490 
Microfabricated  microneedles,  639—642 
Microiontophoresis,  574—578 
Microneedles  (MNs),  640—641,  660—661 
Microparticulate  systems,  491  —496 
MicroRNA  (miRNA),  100,  429 
delivery,  100-101,  429 
polymers  using  to  regulating,  159 
Microspheres,  17,  492,  676— 677 
Mineral  source,  56 

Minidisc  ocular  therapeutic  systems,  497—498,  498/ 
Minimization  of  plasma  concentration  fluctuations,  19 
MIP.  See  Molecular  imprinted  polymer  (MIP) 
miRNA.  See  MicroRNA  (miRNA) 

Miscellaneous  bases,  69 
"Mitocans",  295 
Mitochondria,  358-359 
targeting,  295 
Mitochondrion,  358—359 
Mitomycin  C,  252—253 
Mitoxantrone,  555 

MLVs.  See  Multilamellar  vesicles  (MLVs) 


MMA.  See  Methyl  methacrylate  (MMA) 

MNP.  See  Magnetic  nanoparticles  (MNP) 

MNs.  See  Microneedles  (MNs) 

Modified  excipients,  40—42 
Modified  liposomal  drug  delivery,  490 
Molecular  force— based  classification  of  polymers, 
215-216 
elastomer,  216 
fibers,  216 
thermoplastics,  215 
thermoset,  215—216 
Molecular  imaging  technique,  458 
Molecular  imprinted  polymer  (MIP),  105 
Molecular  profiling  of  pancreatic  cancer  tumors,  713 
Molecular  weight  (MW),  151,  204,  276-277,  571 
of  polymeric  molecule,  95—96 
Molecular-level  targeting.  See  Fourth  level  of  targeting 
Molecular-weight  distribution,  151 
Molecularly  imprinted  polymers,  160 
Monocarboxylic  acid  transporters-1  (MCT-1),  551—552 
Monoclonal  antibody  (MAb),  313—318,  565—568 
cetuximab,  314—315 
clinical  application,  31 8f 
matuzumab,  315—318 
panitumumab,  315 
Monomeric  units,  93—94 
Monomers,  86,  88,  90 

Mononuclear  phagocyte  system  (MPS),  375,  711 
marketed  formulations  for  MPS  targeting,  299 1 
MPS.  See  Mononuclear  phagocyte  system  (MPS) 

MQA.  See  Material  quality  attributes  (MQA) 

MRI.  See  Magnetic  resonance  imaging  (MRI) 

MRP.  See  Multidrug  resistance  protein  (MRP) 
MSN-AuNPs.  See  Gold  nanoparticle-coated 
mesoporous  silica  (MSN-AuNPs) 

MTD.  See  Maximum  targeted  dose  (MTD) 

MTT.  See  Methyl-thiazol-tetrazolium  (MTT) 

MTX.  See  Methotrexate  (MTX) 

Mucoadhesive 
agents,  71 
microparticles,  492 

mucoadhesive  based  nanocarrier  delivery  systems, 
503-504 

polymers,  104,  104£,  218,  505—506 
systems,  674— 675 
Mucous  membrane,  71 
Multidisciplinary  scientific  field,  687 
Multidrug  resistance  (MDR),  519 
Multidrug  resistance  protein  (MRP),  519 
MRP1,  554 

Multidrug  resistance-associated  protein,  555 
Multielectrode  cluster  (ME A),  616 
Multifunctional  mineral  excipients,  73— 74 


INDEX 


773 


Multikinase  inhibitor,  696 
Multilamellar  vesicles  (ML Vs),  346 
Multimers,  repeat  units  distribution  in,  150 
Multiple  sclerosis,  542— 543 

Multiple  walled  carbon  nanotubes  (MWCNTs),  570 
Multiplex  medical  devices,  737— 739 
Multistimuli  responsive  systems,  249—250 
Multi  wall  carbon  nanotube  (MWCNT),  239—240 
Mur  ex,  56-57 

MW.  See  Molecular  weight  (MW) 

MWCNT.  See  Multiwall  carbon  nanotube  (MWCNT) 
MWCNTs.  See  Multiple  walled  carbon  nanotubes 
(MWCNTs) 

Mycobacterium  tuberculosis,  297 
Myelitis,  543 
Myocet,  714 

N 

N-isopropylacrylamide  (NIP AM),  102,  154 
Nab  technology-paclitaxel.  See  Nanoparticulate 
albumin-bound  technology-paclitaxel  (Nab 
technology-paclitaxel) 

Nab-paclitaxel,  712— 713 

NAC.  See  N-Acetyl-L-cysteine  (NAC) 

Nafion,  239—240 
Nalbuphine,  613—614 

NANAPs.  See  Novel  albumin  nanoparticle  drug  carrier 
system  (NANAPs) 

Nano-DNA  technology,  454— 455 
Nanobiocomposites,  462 

Nanobiotechnology  based  marketed  formulations,  466, 
467f 

Nanobiotix,  708 
Nanocapsules,  232,  692 
Nanocarriers,  296,  686,  688/ 

characteristics  and  applications,  688—691 
failed  clinical  trials  using,  702— 703 
and  functional  groups,  693 / 
preclinical  updates  on,  694—698 
regulatory  status,  703-709 
systems,  502,  616—620 
liposomes,  616—620 

mechanistic  behind  transdermal  delivery  through 
liposomes,  620 
Nanochips,  748 
Nanocrystalline  center,  630 
Nanodelivery  carriers,  461—462 
Nanodrug  carrier  systems,  232 
Nanoemulsifying  systems,  631—632 
Nanoemulsions  (NEs),  562,  631-633 

applications  in  transdermal  drug  delivery, 

631-633 

Nanoethics  lags,  747 


Nanoformulations,  743 
excipients  in,  69—72 
crosslinkers,  71 
cryoprotectants,  72 
lipids,  70 

mucoadhesive  agents,  71 
PEG,  71 

penetration  enhancers,  72 
polymers,  70 

mediated  brain  drug  delivery,  560-570,  561/,  564/, 
566 /,  56 7/ 

Nanogel,  388-390,  570 
Nanomaterials  (NMs),  296,  344—346,  352 
cell,  345-346 
interaction 
with  BBB,  353-354 

with  blood  and  blood  components,  351—353 
with  cellular  organelles,  358—361 
with  DNA  and  nuclear  materials,  356—357 
with  macrophages,  354—355 
with  protein  corona,  356 

level  with  regarding  to  nanoparticle  interactions,  361 
nanoparticle— membrane  interactions,  345 
in  oral  DDS,  716 
policy  dilemma,  362 
properties  in  biointeraction,  346-348 
transportation  of  biomaterials  inside  cell,  348—351 
Nanomedicine,  362,  703-704,  720,  734-735 
clinical  aspects,  743—  747 
development,  736-737 

ethical  issues  in  clinical  trials  involving,  746—  747 

ethics  in,  747—  748 

in  market,  735— 736 

next  generation,  737— 739 

regulatory 

agencies  in  regulation,  739—  743 
perspective,  736— 739 
Nanomicelles,  491,  527—528 
Nanoparticle— protein  corona  (NPs-PC),  345—346 
Nanoparticles  (NPs),  161-162,  184-185,  322-324, 
344—347,  350 /,  411,  425,  492-493,  508,  671,  686 
architect  for,  435-436 
biomedical  applications,  687/ 
carriers,  671— 672 
characterization,  371 

commercially  available  NPs  delivery  systems, 
709-716 

level  with  NP  interactions,  361 
nanoparticle-based  products  under  clinical  trials, 
698-702 

nanoparticle— membrane  interactions,  345 
nanoparticles-based  delivery  systems,  671— 674 
chitosan-based  nanoparticles,  673 
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Nanoparticles  (NPs)  ( Continued ) 

inorganic  nanoparticles,  673— 674 
SLNs,  672-673,  672/ 
parameters  for  characterization,  394f 
for  pharmaceutical  applications 
EDAX,  379-380 

flow  property  analysis,  383—384 
hemolysis  profiling,  380—381 
hygroscopicity,  384—385 
magnetic  property  analysis,  390 
NMR  spectroscopy,  382-383 
particle  size  analysis,  372— 375 
porosity  analysis,  391—392 
protonation  behavior,  386—388 
receptor  binding  affinity,  385—386 
rheological  analysis,  388—390 
surface  topography  analysis,  375— 379 
tensile  strength  determination,  392 
XRD,  381-382 
in  pharmaceuticals,  370-371 
targeting  moieties  for,  693 / 
toxicity,  371 

Nanoparticulate  albumin-bound  technology-paclitaxel 
(Nab  technology-paclitaxel),  712 
Nanoparticulate  systems,  491—496,  712 
dendrimers,  494—495 
nanoparticles,  492—493 
nanosuspensions,  493—494 
niosomes,  494 
SLNs,  495-496 

Nanoscale  anticancer  DDS,  therapeutic  effectiveness  of, 
699 

Nanoscaled  polymeric  aggregates,  326 
Nanoshells,  biomedical  application  of,  691 1 
Nanosimilars,  735,  737 
Nanospheres,  232,  562-565 
Nanostructured  lipid  carriers  (NLCs),  495—496, 
565-568,  635 
Nanostructures,  688 
Nanosuspensions,  493—494 
Nanosystems,  459 
Nanotechnological  Task  Force,  740 
Nanotechnology,  344,  370,  450— 452,  493—494,  559, 
687-693 
application,  686 

challenges  in  using  nanotechnology-based  tools,  451/ 
combining  biotechnology  with,  450/ 
commentary  on  hurdles  in  clinical  translation, 
716-721,  717* 

opportunities  and  challenges,  734 
siRNA  delivery  strategies  using,  461—462 
Nanotechnology  Characterization  Lab  (NCL),  462—463 
Nanotechnology  Interest  Group  (NTIG),  739 


Nanotherapy,  735 
Nanoviricides,  459—460,  460/ 

Nano  waste,  463 

Nano  wires,  456— 457 

NaOH.  See  Sodium  hydroxide  (NaOH) 

NAPs.  See  Nucleic  acid  polymers  (NAPs) 

Nasal  gels,  572 
Nasal  membrane,  571 
Nasal  route  of  administration,  661 
National  Cancer  Institute  (NCI),  462,  746 
National  Centre  for  Advancing  Translational  Sciences 
(NCTAS),  739 

National  Enabling  Technologies  Strategy  (NETS),  740 
National  Formulary  (NF),  69 

National  Institute  for  Occupational  Safety  and  Health 
(NIOSH),  746 

National  Nanotechnology  Strategy  (NNS),  740 
National  Science  Foundation  (NSF),  746 
Natural  carbon-containing  materials,  57 
Natural  disintegrants,  48 
Natural  mucoadhesive  polymers,  218 
Natural  polymeric  material,  234* 

Natural  polymers,  9,  10*,  92,  123—134,  124/,  178,  205, 
209-210,  2101,  227-229,  232,  245,  633 
carbohydrate-based  polymers,  127—134 
protein-based  polymers,  123—127 
Natural  superdisintegrant,  50 
Naturally  derived  polysaccharides,  106 
NBCDs.  See  Nonbiological  complex  drugs  (NBCDs) 
NBTXR3,  708 

NCE.  See  New  chemical  entities  (NCE) 

NCL  See  National  Cancer  Institute  (NCI) 

NCL.  See  Nanotechnology  Characterization  Lab  (NCL) 
NCTAS.  See  National  Centre  for  Advancing 
Translational  Sciences  (NCTAS) 

NDV.  See  Newcastle  disease  viruses  (NDV) 
Near-infrared  (NIR),  426 
NIR-absorbing  carriers,  290 
Negative  temperature-sensitive  polymers,  217 
Negatively  charged  particles,  280 
Nerve 

conduit,  248/ 

polymers  for  nerve  regeneration,  247—248 
Nerve  growth  factor  (NGF),  562-565 
NEs.  See  Nanoemulsions  (NEs) 

NETS.  See  National  Enabling  Technologies  Strategy 
(NETS) 

Neulasta,  704 

Neuromyelitis  optica  (NMO),  543 
Neuron,  545-546 
Neusilin  US2,  383-384 
Neutral  lipid  emulsion  (NLE),  101 
NeutroSpec,  458 
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New  chemical  entities  (NCE),  40—42 
Newcastle  disease  viruses  (NDV),  233—234 
Next  generation  nanomedicines,  735,  737— 739 
NF.  See  National  Formulary  (NF) 

NG2  proteoglycan  receptors,  553 
NGF.  See  Nerve  growth  factor  (NGF) 

Nintedanib,  274 

NIOSH.  See  National  Institute  for  Occupational  Safety 
and  Health  (NIOSH) 

Niosomes,  494 

NIPAAm.  See  Poly(AMsopropylacrylamide-co- 
acrylamide)  (NIPAAm) 

NIP  AM.  See  N-isopropylacrylamide  (NIP  AM) 

NIR.  See  Near-infrared  (NIR) 

Nitroglycerine,  4 

NLCs.  See  Nanostructured  lipid  carriers  (NLCs) 

NLE.  See  Neutral  lipid  emulsion  (NLE) 

NMO.  See  Neuromyelitis  optica  (NMO) 

NMR  spectroscopy.  See  Nuclear  magnetic  resonance 
spectroscopy  (NMR  spectroscopy) 

NMs.  See  Nanomaterials  (NMs) 

NNS.  See  National  Nanotechnology  Strategy  (NNS) 
Non-PEGylated  liposomal  doxorubicin  (NPLD),  714 
Nonbiodegradable  implant,  498—499,  500f 
Nonbiodegradable  polymers,  94,  206—207 
Nonbiological  complex  drugs  (NBCDs),  737 
Nonfouling  coating  materials,  352 
Nonglycosylated  polypeptide  chain,  126 
Nonin vasive  heating  device,  242—243 
Noninvasive  method,  540—541,  559—570.  See  also 
Invasive  method 

modification  of  existing  drugs,  559—560 
nanoformulations  mediated  brain  drug  delivery, 
560-570 

Nonionic  polymer,  71 
Nonionic  surfactants,  53 1,  527-528 
Nonirritant  nontoxic  behavior,  138—139 
Nonlinear  polymers,  290—291 

Nonspecific  protein  interaction,  decreasing,  351—352 
Novel  albumin  nanoparticle  drug  carrier  system 
(NANAPs),  696 

Novel  classes  of  polymers,  216—219 
bioadhesives,  218 
mucoadhesive,  218 
pH-sensitive  polymers,  217 
polymers  for  controlled  release  systems,  218—219 
temperature  sensitive  polymers,  217 
Novel  dendrimer-RNA  NPs,  696 
Novel  excipients,  40—42 

Novel  pharmaceutical  development  regulations, 
736-737 

Noyes— Whitney  equation,  58—59 


NP-PC  formation.  See  NP— protein  corona  formation 
(NP-PC  formation) 

NPLD.  See  Non-PEGylated  liposomal  doxorubicin 
(NPLD) 

NP— protein  corona  formation  (NP-PC  formation),  356 
NPs.  See  Nanoparticles  (NPs) 

NPs-PC.  See  Nanoparticle— protein  corona  (NPs-PC) 
NSF.  See  National  Science  Foundation  (NSF) 

NTIG.  See  Nanotechnology  Interest  Group  (NTIG) 
Nuclear  magnetic  resonance  spectroscopy  (NMR 
spectroscopy),  175,  223,  382-383 
Nuclear  materials,  nanomaterials  interaction  with, 
356-357 

Nucleic  acid  polymers  (NAPs),  106 

Nucleic  acids,  461 

Nucleotide  delivery,  99-100,  430 

Nucleus,  360—361 

Nylon,  137,  216 

Nylon  6,  93,  211,  216 

o 

O/W.  See  Oil  in  water  (O/W) 

OA.  See  Oleic  acid  (OA) 

OATs.  See  Organic  anion  transporters  (OATs) 

OCT.  See  Organic  cation  transporters  (OCT) 

Ocufit,  496 
Ocular  barriers,  479 

Ocular  delivery  formulation,  484—503,  485/ 
emulsion,  486—487 
liposomes,  490—491 
MEs,  489-490 

micro  and  nanoparticulate  systems,  491  —496 
nanomicelles,  491 

ocular  drug  delivery  devices,  496—503 
ointments,  489 

in  situ  gelling  system,  488—489 
sol  to  gel  systems,  488,  488/ 
solutions,  485—486 
suspensions,  486 
Ocular  disorders,  481  —484 

Ocular  drug  delivery.  See  also  Brain-targeted  drug 
delivery;  Transdermal  drug  delivery 
devices 

contact  lenses,  498 

gene-based  medicine  for  ocular  diseases,  502—503 
implants,  498—499 
intravitreal  delivery,  501 
iontophoresis,  501—502 
microneedles,  499—500 

minidisc  ocular  therapeutic  systems,  497—498,  498/ 
ocufit,  496 

ocusert,  496—497,  497/ 
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Ocular  drug  delivery  ( Continued ) 
prodrugs,  500—501 
evaluation 

animal  models  to,  525 
ex  vivo  models  to,  523—525 
in  vitro  techniques  for,  520—523 
system  design 

different  ocular  barriers,  479 
different  routes  to  drug  deliver  to  eye,  480—481 
drawbacks  of  conventional  topical  drug  delivery, 
479 

formulation  types  for,  484—503,  485/ 
polymers  in,  235 
Ocular  irritation,  521—522 
Ocular  melanin,  518—519 
Ocular  melanoma,  482 
OcuPhor,  502 

Ocuserts,  228,  229/,  496-497,  497/ 

ODN.  See  Oligodeoxynucleotides  (ODN) 

Odorranalectin  (OL),  562-565 

ODS.  See  Osmotically  driven  systems  (ODS) 

ODTs.  See  Orally  disintegrating  tablets  (ODTs) 

OEG.  See  01igo(ethylene  glycol)  (OEG) 

Oil  in  water  (O/W),  562 
emulsions,  65 
system,  486 
Ointments,  489 

OK.  See  Opossum  kidney  (OK) 

OL.  See  Odorranalectin  (OL) 

OL  conjugated  NP  (OL-NP),  562-565 
Oleaginous  bases,  68 
Oleic  acid  (OA),  31,  288 
Oleylamine,  527— 528 

Olfactory  pathway  for  drug  delivery,  465,  540—541, 
562,570-574 
dosage  form,  573 

drug  concentration  and  dosing  volume,  573 
lipophilicity,  571 
MW,  571 

osmolarity,  573— 574 
particle  size,  572 
pH,  573 

polymorphism,  572 

solubility  and  dissolution  rate,  571— 572 
viscosity,  572 

01igo(ethylene  glycol)  (OEG),  179-180 

Oligodeoxynucleotides  (ODN),  159—160 

Oligonucleotides,  71,  159 

Ommaya  reservoir,  558 

"One  gene  one  enzyme"  theory,  99 

Onivyde,  705,  711 

Ontak,  707 


Opacity,  65 

Ophthalmic  delivery  formulations 

anatomy  and  physiology  of  eye,  478— 479 
animal  models  to  evaluate  ocular  drug  delivery 
systems,  525,  526t 

barriers  to  transscleral  drug  delivery  to  retina, 
510-514,  512/ 

bioadhesive  approaches  for  enhanced  ocular  drug 
delivery,  503-509 

ex  vivo  models  to  ocular  drug  delivery  systems 
evaluation,  523-525 
eye  structure,  475— 477 

factors  affecting  designing  of  formulations,  514—516 
drug  distribution  in  eye,  515 
drug  penetration  through  sclera  and  conjunctiva, 
516 

effect  of  ionization  and  pH,  514— 515 
pigmentation  and  drug  effects,  515 
factors  influencing  drug  retention,  516—520 
formulation  types  for  ocular  delivery,  484—503,  485/ 
ocular  disorders,  481—484 

recent  patents  and  regulatory  status  on,  526—528, 
527£ 

tear  film  and  lachrymal  drainage  for  ocular  drug 
delivery  system  design,  479—481 
in  vitro  techniques  for  ocular  drug  delivery  system 
evaluation,  520—523 
Opossum  kidney  (OK),  359 
Opsonization,  374— 375 
Optic  neuritis,  543 

Optimized  hydrophilic— lipophilic  balance,  70 

Optimum  therapeutic  efficacy,  2—3 

Oral  carbonic  anhydrase  inhibitors,  481 

Oral  delivery  system,  4 

Oral  route  for  drug  administration,  5—6,  659 

approaches  for  enhancing  delivery  of  proteins  and 
peptides 

absorption  enhancers,  667-669 
chemical  modifications,  662—665 
enzyme  inhibition,  665—667 
GIT  site-specific  delivery,  669—670 
liposomes,  675— 676 
membrane  transporters,  670— 671 
microspheres,  676— 677 
mucoadhesive  systems,  674— 675 
nanoparticles-based  delivery  systems,  671— 674 
Orally  disintegrating  tablets  (ODTs),  73 
Organ  level.  See  First  order  targeting 
Organelle  targeting,  285 
Organelles  level.  See  Third  order  targeting 
Organic  anion  transporters  (OATs),  555 
Organic  cation  transporters  (OCT),  514 
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Organic  ion  transporters,  514 

Organic  salts  solubilize  nonpolar  solutes,  61 

Osmolarity,  521,  573— 574 

Osmometry,  95—96,  224 

Osmotically  driven  systems  (ODS),  114—115 

Ovalbumin  (OVA),  435—436 

Oxidation,  66 

Oxygen,  30,  66,  345 

Oxy  tetracycline,  140 

P 

2P.  See  2-Pyrrolidone  (2P) 

P-glycoprotein  (P-gp),  285—286,  554,  714— 715 
P-up,  519 

P(VS-VA)-g-PLGA.  See  Poly(vinyl  sulfonate-covinyl 
alcohol)-graft-PLGA  (P(VS-VA)-g-PLGA) 

P2VP.  See  Poly(2-vinyl  pyridine)  (P2VP) 

PA.  See  Polyamide  (PA) 

PA  A.  See  Poly  (acrylic  acid)  (PA  A) 

PAA-g-PS.  See  Poly  (acrylic  acid) /polystyrene  graft 
copolymer  (PAA-g-PS) 

PACA.  See  Poly(alkyl  cyanoacrylate)  (PACA) 

Package  leaflet  of  medicinal  products  for  human  use, 
76-77 

Paclitaxel  (PTX),  231-232,  335-336,  431-432,  466,  696, 
699,  712 

albumin-stabilized  NPs,  696 
PAGA.  See  Poly(^-(4-aminobutyl)-L-glycolic  acid) 
(PAGA) 

PAGE.  See  Poly(allyl  glycidyl  ether)  (PAGE) 

PALS.  See  Positron  annihilation  lifetime  spectroscopy 
(PALS) 

PAMAM.  See  Poly(amidoamine)  (PAMAM) 
PAMAM-PEG-Lf.  See  Polyamidoamine-PEG-Lf 
(PAMAM-PEG-Lf) 

PAMPS.  See  Poly(2-acrylamide-2-methylpropane 
sulfonic  acid)  (PAMPS) 

Pan.  See  Panitumumab  (Pan) 

PAN.  See  Polyacrylonitrile  (PAN) 

Pancreatic  cancer  tumors,  molecular  profiling  of,  713 
PANI.  See  Polyaniline  (PANI) 

Panitumumab  (Pan),  315,  318f 

PAOx.  See  Poly(2-alkyl-2-oxazoline)  (PAOx) 

Parabens,  58 

Paracellular  transport,  548 
Parenteral  route 

of  administration,  659—660 
solubility  effect,  277 
Parkinson's  disease,  458 
transdermal  delivery  of  drugs,  625 
Particle  size(s),  281,  346-347,  572 
analysis,  372— 375 
DLS,  373-374 
PDI,  374 

surface  charge,  374— 375 


Particulate 

location  and  distribution,  275— 276 
vesicular  bioadhesives  in  ophthalmic  drug  delivery, 
507-508 
Parylene,  237 

PAScual  software,  391—392 
Passive  diffusion,  350 

process  for  percutaneous  absorption,  601 
Passive  targeting,  282-283 
approach,  309 

marketed  formulations  based  on,  299 1 
PAT.  See  Process  analytical  technologies  (PAT) 
Patented  polymer  therapeutics,  194 
Pathogens,  669 
Patient  compliance,  20 
Patient-convenient  drug  delivery  systems,  3 
PBA.  See  Phenylboronic  acid  (PBA) 

PBa.  See  Pheophorbide  (PBa) 

PBCA.  See  Poly  (butyl  cyanoacrylate)  (PBCA) 

PBMA.  See  Polybutyl  methacrylate  (PBMA) 

PBO.  See  Poly(butylene  oxide)  (PBO) 

PBS.  See  Poly(butylene  succinate)  (PBS) 

PBS-PBT.  See  Poly  [(butylene  succinate)-co-poly 
(butylene  terephthalate)]  (PBS-PBT) 

PBT  copolymers,  419—420 
PBT/PEG  multiblock  copolymer,  420,  420/ 

PC.  See  Phosphorylcholine  (PC);  Polycarbonate  (PC); 

Powdered  cellulose  (PC) 

PCGA.  See  Poly  (e-caprolactone-co-glycolic  acid) 
(PCGA) 

PCL.  See  Poly(e-caprolactone)  (PCL) 

PCL-PEG  block  copolymers.  See  Poly(e-caprolactone)- 
poly  (ethylene  glycol)  block  copolymers  (PCL-PEG 
block  copolymers) 

PCLA-PEG.  See  Poly(£-caprolactone-co-lactide)-PEG 
(PCLA-PEG) 

PCR.  See  Polymerase  chain  reaction  (PCR) 

PCurc  8.  See  Polyacetal-based  polycurcumin  (PCurc  8) 
PDCA.  See  10,12-Pentacosadiynoic  acid  (PDCA) 

PDEA.  See  Poly[(2-diethylamino)ethyl  methacrylat] 
(PDEA) 

PDI.  See  Polydispersity  index  (PDI) 

PDLA.  See  Poly(D-lactic  acid)  (PDLA) 
pDMAEMA.  See  Poly(2-dimethyl  aminoethyl 

methacrylate)  (pDMAEMA) 

PDNCs.  See  Polydiacetylene  nanocarriers  (PDNCs) 
PDO.  See  Polydioxanone  (PDO) 

PDPA.  See  Poly[(2-diisopropyl  amino)ethyl 
methacrylate]  (PDPA) 

PDT.  See  Photodynamic  therapy  (PDT) 

PE.  See  Phosphatidylethanolamine  (PE);  Polyethylene 
(PE) 

PE  A  A.  See  Polymethacrylic  acid  (PE  A  A) 

PEDOT.  See  Poly(3,4-ethylene  dioxythiophene) 
(PEDOT) 


778 


INDEX 


PEEK.  See  Polyetheretherketone  (PEEK) 

PEG.  See  Polyethylene  glycol  (PEG) 

PEG-PACU.  See  PEG-poly(amino  carbonate  urethane) 
(PEG-PACU) 

PEG-PAsp(DET)-PLL.  See  PEG-poly  {N-[N-(2- 

aminoethyl)-2-aminoethyl]  aspartamide}-PLL  (PEG- 
PAsp(DET)-PLL) 

PEG-poly  {N-[N-(2-aminoethyl)-2-aminoethyl] 
aspartamide}-PLL  (PEG-PAsp(DET)-PLL),  99-100 
PEG-poly(amino  carbonate  urethane)  (PEG-PACU), 

436 

PEG-poly(aspartame  hydrazine  doxorubicin)  (  (PEG-p 
(Asp-Hid-dox)  ),  11—12 

PEG /PEI.  See  Poly  ethylenegly  col-poly  ethyleneimine 
(PEG/PEI) 

PEGylated  AuNPs.  See  Polyethylene  glycol- 
functionalized  gold  NPs  (PEGylated  AuNPs) 
PEGylated  liposomal  doxorubicin  (PLD),  710,  714 
PEGylated  liposomes,  709— 711 
PEGylated  nanocarriers,  280 
PEGylated  NPs,  696 

PEGylation,  231-232,  270,  277-278,  280,  312,  663-664, 
709-711 

PEHAM.  See  Poly-(etherhydroxylamine)  (PEHAM) 

PEI.  See  Poly  (ethylenimine)  (PEI) 

PEI-TPP.  See  Polyethylene  amine  and  triphosphate 
(PEI-TPP) 

Pemulen,  149 
TR-1,  227 

Penetration  enhancers,  72,  660—661 
D-Penicillamine-coated  quantum  dots  (DPA-QDs),  350 
Penicillin,  16 

10,12-Pentacosadiynoic  acid  (PDCA),  333 
Pentenyl-INH  (INHP),  285 

PEO.  See  Poly  (ethylene  oxide)  (PEO);  Polyethylene 
oxide  (PEO) 

PEO-b-P(BMA-co-CMA).  See  Poly  (ethylene  oxide)-b- 
poly(n-butyl  methacrylate-co-4-methyl-[7-thacryloyl) 
oxyethyloxy]coumarin)  (PEO-b-P(BMA-co-CMA)) 
PEO-PPO.  See  Polyethylene  oxide-propylene  oxide 
(PEO-PPO) 

PEO-PPO-PEO.  See  Polyethylene  oxide)-b  poly 

(propylene  oxide)-b-poly(ethylene  oxide)  (PEO-PPO- 
PEO) 

PEP  A.  See  Polyester  polymer  alloy  (PEP  A) 

Peppermint  oil,  31 

PepTl  (membrane  transporter  protein),  670 
PepT2  (membrane  transporter  protein),  670 
Peptide  nucleic  acids  (PNA),  101,  159 
Peptide(s),  157-158,  161-162,  329,  652,  653/,  663-665 
aptamers,  321 
delivery  systems,  411,  673 
hydrolysis  by  proteolytic  enzymes,  655/ 


peptide-membrane  transporter  proteins,  670 
therapeutic  preparations,  656 
Peptidomimetics,  664-665 

Percutaneous  absorption  of  drug  substances,  600 

Pericytes,  546 

Periocular 

administration,  481 
diseases,  482—483 
Periodic  copolymers,  88 
Peripheral  T-cell  lymphomas  (PTCL),  707 
Permeation 
enhancers,  606 
membrane,  627 

PES.  See  Polyethersulfone  (PES) 

PET.  See  Polyethylene  terephthalate  (PET);  Positron 
emission  tomography  (PET) 

PEU.  See  Poly  (ether-urethane)  (PEU) 

PEVA.  See  Polyethylene-co-vinyl  acetate  (PEVA) 

PG.  See  Propylene  glycol  (PG) 

PGA.  See  Polyglutamic  acid  (PGA);  Poly  glycolic  acid 
(PGA) 

pH,  153,  281,  573 
pH-responsive 

acidic  polymer,  154 
basic  polymer,  155 

hydrogel  drug  delivery  systems,  244,  244/ 
natural  polymer,  155 
systems,  287,  287/ 
pH-sensitive 

biodegradable  block  copolymers,  412 
polymers,  10—12,  11/,  12f,  102,  217 
systems,  286-288,  288/ 
pH-triggered  systems,  488—489 
polymers  based  on,  154-155 
Phagocytes,  350 
Phagocytosis,  297,  349 
Pharma  industry,  34—36 
Pharmaceutical(s) 
aerosols,  63 
approach,  17 

bionanotechnology  in  pharmaceutical  research 
in  biomolecular  engineering,  462 
in  detection  as  biomarkers,  456— 457 
in  drug  delivery  applications,  458-461 
in  gene  delivery  applications,  461—462 
in  molecular  imaging,  458 
in  nano-DNA  technology,  454— 455 
in  polymorphism  analysis,  455—456 
in  tissue  engineering,  457 
carriers,  278 

excipients  in  pharmaceutical  formulations,  30—33, 
32 1,  36-37 
industry,  132—133 
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nanoparticles  in,  370— 371 

polymer  application  in  pharmaceutical  systems, 
225-253 
in  capsules,  227 

conducting  polymers  for  medical  applications, 
246-247,  247/ 
in  disperse  systems,  227 
hemodialysis  membranes,  251 
PNPs,  232-234,  233/ 
polymer-drug  conjugates,  231—232 
polymeric  drug  delivery,  241—244 
polymeric  ocuserts,  228—229 
progestasert  system,  230 
shape  memory  polymers,  252-253 
stimuli-sensitive  polymers  for  cancer  therapy, 
249-250 

in  tablet  dosage  form,  226—227 
in  transdermal  drug  delivery  systems,  228,  228 1 
triblock  copolymers,  235—236 
products,  666—667 
Pharmacodynamic  behavior,  31 
Pharmacokinetics  (PK),  699 
approach,  16 
behavior,  31 
of  drug,  23 

of  ligand-targeted  drug,  311 
parameters,  656 

pharmacokinetic /dynamic  considerations,  8—9 
profile,  699 

of  therapeutic  proteins  and  peptides,  654—657 
absorption,  656 
distribution,  656 
metabolism  and  excretion,  657 
Pharmacopoeias,  32 

PH  As.  See  Polyhydroxy  alkanoates  (PH  As) 

Phase  1  clinical  trials,  745 
Phase  II  clinical  trials,  746 
Phase  III  studies,  746 
Phase  IV  clinical  trials,  746 
Phase  shift  rapid  in  vivo  measurement  of  skin 
(PRIMOS),  620 

PHB.  See  Poly  (hydroxyl  butyrate)  (PHB) 

PHBV.  See  Poly[(R)-3-hydroxybutyrate-co-(R)-3- 
hydroxyvalerate]  (PHBV) 

PHEMA.  See  Poly  (2-hydroxy  ethyl  methacrylate) 
(PHEMA) 

Phenol /formaldehyde  resin,  90,  205,  212 
Phenylalanine,  654/ 

Phenylboronic  acid  (PBA),  291—292 
Phenylketonuria,  56 
Pheophorbide  (PBa),  326 
Phosphatidylcholine,  232 
Phosphatidylethanolamine  (PE),  288 


Phosphoinositide-3-kinase  (PI3K),  318 
Phospholipids,  616—617,  621 

Phosphorodiamidate  morpholino  oligomers  (PMO), 
101,  159 

Phosphorylcholine  (PC),  238-239 
Photocurable  biodegradable  block  copolymers,  408 
Photodynamic  therapy  (PDT),  290,  426 
Photoimmunotherapy  (PIT),  315 
Photoisomerization,  412—413 
Photolysis,  74 

Photolytic  polymers,  412—413 

Photon  correlation  spectroscopy  (PCS).  See  Dynamic 
light  scattering  (DLS) 

Photoresponsive  polymers,  104-105 
Photothermal  therapy  (PTT),  290 
Physical  degradation,  658 
Physical  erosion,  119—120 
Physical  methods,  606—607 
Physical  targeting,  286—294 
magnetic  systems,  292-293 
pH-sensitive  systems,  286—288 
redox-sensitive  system,  290—292 
due  to  stimuli  responsiveness,  292 1 
temperature-sensitive  systems,  288-290 
ultrasound-sensitive  systems,  293—294 
Physicochemical  factors,  153 
Physicochemical  properties,  277— 278 
of  drug  and  design  considerations,  8 
PI3K.  See  Phosphoinositide-3-kinase  (PI3K) 

PIAAm.  See  Poly  (AMsopoprylacrilamide)  (PIAAm) 
Pig 

ear  skin,  632 
models,  433 
Pigmentation,  515 
Pilo-20,  496-497 
Pilocarpine,  21 

"Pink  eye".  See  Conjunctivitis 

PISA.  See  Polymerization  encouraged  self-assembly 
(PISA) 

PIT.  See  Photoimmunotherapy  (PIT) 

PK.  See  Pharmacokinetics  (PK) 

PLA.  See  Polylactic  acid  (PLA) 

Plant  source,  57 
Plasma 

concentration  fluctuations,  19 
membrane,  361 
protein  binding,  556,  656 
of  therapeutic  agents,  656 
Plasmid  delivery,  101,  430 
Plasmid  DNA  (p-DNA),  430,  618 
conveyance,  616 
Plasticized  PVC,  101 
Plastics,  93,  237—238 
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"Plastics  Age",  86-87 

PLCL.  See  Poly(D/L-lactide-co-caprolactone)  (PLCL) 
PLD.  See  PEGylated  liposomal  doxorubicin  (PLD) 
Plegridy,  704— 705 

PLG.  See  Poly(lactide-co-glycolide)  (PLG) 

PLGA-NP.  See  Poly  D,L-lactic-co-gly colic  acid  NP 
(PLGA-NP) 

PLL.  See  Poly-L-lysine  (PLL) 

PLLA.  See  Poly(L-lactic  acid)  (PLLA) 

Pluronics,  235,  488 

PM  paclitaxel.  See  Polymeric  micellar  paclitaxel  (PM 
paclitaxel) 

PM  A  A.  See  Poly(methacrylic  acid)  (PM  A  A) 

PMBA.  See  PolyCN,  N  -methylene  bis(acrylamide)) 
(PMBA) 

PML.  See  Progressive  multifocal  leukoencephalopathy 
(PML) 

PMLA.  See  Poly(malic  acid)  (PMLA) 

PMO.  See  Phosphorodiamidate  morpholino  oligomers 
(PMO) 

PNA.  See  Peptide  nucleic  acids  (PNA) 

PNCs.  See  Polymer  nanocomposites  (PNCs) 

PNIPAAm.  See  Poly(AMsopropylacrylamide) 
(PNIPAM) 

PNIPAM.  See  Poly(N-isopropylacrylamide)  (PNIPAM) 
PNPs.  See  Polymeric  nanoparticles  (PNPs) 

PNVCL.  See  PolyCN-vinyl  caprolactam)  (PNVCL) 

POE.  See  Poly  orthoesters  (POE) 

POE-IV.  See  Fourth  generation  polyorthoesters  (POE- 
IV) 

POEGTMA.  See  Poly(oligo(ethylene  glycol)  thiomalate) 
(POEGTMA) 

Poiseuille's  law,  223 
Polar  salts,  61 
Polarity,  281 

Poloxamers,  69,  235,  527—528 

poloxamer/ carbopol-based  in  situ  gelling  system, 
507 

Poloxamine,  421—422 
Poly  (3-hydroxy  alkanoates),  408-409 
Poly  (ether-urethane)  (PEU),  153 
Poly  (ethylenimine)  (PEI),  99,  159,  178,  287 
Poly  (AMsopoprylacrilamide)  (PI  A  Am),  13 
Poly  (e-caprolactone-co-glycolic  acid)  (PCGA),  409 
Poly  1,5-diaminonaphthalene,  239 
Poly  D,L-lactic-co-glycolic  acid  NP  (PLGA-NP), 
330-332 

Poly-(etherhydroxylamine)  (PEHAM),  569—570 
Poly-L-lysine  (PLL),  99 
Poly-p-dioxanone  (PPDO),  252 

Poly(3,4-ethylene  dioxythiophene)  (PEDOT),  239—240 
Poly (lactic-co-gly colic  acid)  (PLG A),  115,  175-176, 
206-207,  232-233,  326,  376,  409,  4161,  509 


based  ocular  delivery  systems,  509 
chemical  structure,  415/ 

NPs  coating,  359 

PLGA-PEG  block  copolymers,  416 
Poly(phosphoramidites)  (PPA),  99 
Poly(2-acrylamide-2-methylpropane  sulfonic  acid) 
(PAMPS),  154 

Poly(2-alkyl-2-oxazoline)  (PAOx),  435 
Poly(2-dimethyl  aminoethyl  methacrylate) 
(pDMAEMA),  99,  161,  388 
Poly(2-hydroxyethyl  methacrylate)  (PHEMA), 

138-139,  388,  527-528 
hydrogel  system,  105 

Poly(2-N,N-(diethylamino)  ethyl  methacrylate)  gel,  276 

Poly (2- vinyl  pyridine)  (P2VP),  155 

Poly  (3,4-ethylene  dioxythiophene)  (PEDOT),  239—240 

Poly(4-hydroxy-L-proline  ester),  99 

Poly(A-s-B),  179 

Poly(A-s-Bs-C),  179 

Poly(acrylic  acid)  (PAA),  142,  181-182,  217,  228-229, 
244,  388,  506-507,  675 

Poly  (acrylic  acid) /polystyrene  graft  copolymer  (PAA- 
g-PS),  180 

Poly  (alkyl  cyanoacrylate)  (PACA),  562-565 
Poly(allyl  glycidyl  ether)  (PAGE),  435—436 
Poly(amidoamine)  (PAMAM),  100-101,  160-162, 
494-495,  569-570,  631 
Poly  (butyl  cyanoacrylate)  (PBCA),  562-565 
Poly  (butylene  oxide)  (PBO),  421 
Poly(butylene  succinate)  (PBS),  403 
Poly(D-lactic  acid)  (PDLA),  135,  252-253,  403 
Poly(D/ L-lactide-co-caprolactone)  (PLCL),  247 
Poly(dimethylsiloxane)-gold  nanoparticles,  376 
Poly(e-caprolactone)  (PCL),  137,  138/,  206-207,  218, 
232-233,  244-245,  252,  403,  407,  411,  418-419,  508 
Poly(e-caprolactone)-poly  (ethylene  glycol)  block 
copolymers  (PCL-PEG  block  copolymers),  418—419 
Polyethylene  oxide)  (PEO),  181-182,  403,  507 
PEO-PPO  block  copolymer,  421  —422 
PEO-PPO-PEO  copolymers,  235 
Poly(ethylene  oxide)-b  poly(propylene  oxide)-b-poly 
(ethylene  oxide)  (PEO-PPO-PEO),  507 
Poly(ethylene  oxide)-b-poly(n-butyl  methacrylate-co-4- 
methyl-[7-thacryloyl)oxyethyloxy]coumarin)  (PEO-b- 
P(BMA-co-CMA)),  105 
Poly(glycolide),  562-565 
Poly(hydroxyl  butyrate)  (PHB),  403 
Poly(L-lactic  acid)  (PLLA),  135,  403 
Poly(lactide-co-glycolide)  (PLG),  100 
Poly(lactide),  408-409 
Poly(malic  acid)  (PMLA),  232-233 
Poly(methacrylic  acid)  (PM  A  A).  See  Poly 
(methylmethacrylate)  (PMAA) 
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Poly(methylmethacrylate)  (PMAA),  139—140,  154,  161, 
211,  232-233,  237-238,  251,  388,  412-413 
Poly(N,  N-methylene  bis(acrylamide))  (PMBA),  388 
Poly(N-isopropyl  acrylamide-co-itaconic  anhydride)  (P 
[NIP  A  Am-co-I  A] ),  249 
Poly(N-isopropylacrylamide-co-acrylamide) 

(NIPAAm),  388 

Poly(N-isopropylacrylamide)  (PNIPAM),  102, 154, 
159-160,  181,  188,  217,  235-236,  242-243,  289,  388 
Poly (N- vinyl  caprolactam)  (PNVCL),  217,  289 
Poly(oligo(ethylene  glycol)  thiomalate)  (POEGTMA), 
155 

Poly  (orthoesters),  143—144 
Poly(oxazoline)-poly(siloxane)-poly(oxazoline) 
copolymers,  235-236,  236 1 
Poly(p-dioxanone)  (PPDX),  403 
Poly(phosphazenes)  (PPZ),  99 
Poly(phosphoesters)  (PPE),  99 
Poly(propylene  glycol)  (PPG),  403 
Poly  (propylene  sulfide)  (PPS),  155-156 
Poly(propyleneimine)  (PPI),  569—570 
Poly(sebacic  anhydride)  (PSA),  252-253,  414-415 
PSA-PEG,  414-415 
Poly(styrene  oxide),  421 

Poly(styrene-b-isobutylene-b-styrene),  238—239 
Poly(fcr£-butyl  vinyl  ether)  (PTBVE),  407 
Poly(tert-butyl  vinyl  ether)-fr-poly(£-caprolactone) 
(PTBVE-fr-PCL),  407 

Poly(tetramethylene  glycol)  (PTMG),  419—420 
Poly(vinyl  alcohol)  (PVA),  139,  141,  141/,  149,  206-207, 
247,  383-384,  407 
PVA-fr-PCL,  407 

Poly(vinyl  sulfonate-covinyl  alcohol)-graft-PLGA  (P 
(VS-VA)-g-PLGA),  421 

Poly(vinylidene  fluoride-co-hexafluoropropylene) 
(PVDF-HFP),  238-239 

Poly(^-(4-aminobutyl)-L-glycolic  acid)  (PAGA),  99 
Poly(s-caprolactone-co-lactide)-PEG  (PCLA-PEG),  412 
Poly[(2-diethylamino)ethyl  methacrylat]  (PDEA),  155 
Poly[(2-diisopropyl  amino)ethyl  methacrylate]  (PDPA), 
155 

Poly[(butylene  succinate)-co-poly(butylene 
terephthalate)]  (PBS-PBT),  419—420 
Poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyvalerate] 
(PHBV),  252-253 

Poly[bis(trifluoroethoxy)phosphaszene]  (PTFEP), 
238-239 

Poly[styrene-b-(ethylenealt-propylene)-b-(methyl 
methacrylate)]  (SEPM),  145 
Polyacetal-based  polycurcumin  (PCurc  8),  105 
Polyacrylamide.  See  Poly(acrylic  acid)  (PAA) 
Polyacrylonitrile  (PAN),  101,  251 
Polyamide  (PA),  101,  137,  205-206 
Polyamidoamine-PEG-Lf  (PAMAM-PEG-Lf),  333 


Polyanhydrides,  143,  205-206,  218,  232-233,  414 
Polyaniline  (PANI),  239 
Poly  arginine,  607 
Polybutadiene,  181 

Polybutyl  methacrylate  (PBMA),  238—239 
Polycarbonate  (PC),  101 
polycarbonate-based  polyurethanes,  101 
Polycarbophil,  69 
Polychloroprene,  205—206 
Polycondensation,  135 
Poly  cyanoacrylates,  232-233 
Polydiacetylene  nanocarriers  (PDNCs),  333 
Polydioxanone  (PDO),  152,  218 
Polydispersity,  95—96 
Polydispersity  index  (PDI),  374,  637-638 
Polyester  polymer  alloy  (PEPA),  101 
Polyester(s),  205-206,  218,  237,  252 
polyester-based  polyurethanes,  101 
elastomers,  237 
synthetic  polymers,  411 
Polyetheretherketone  (PEEK),  237—238 
Polyethersulfone  (PES),  251 
Polyethylene  (PE),  208—209,  211 
Polyethylene,  57 

Polyethylene  amine  and  triphosphate  (PEI-TPP),  374 
Polyethylene  glycol  (PEG),  69,  71,  99,  142-143, 
155-156,  226,  231-233,  276,  309,  351-352,  403,  419, 
459,  492-493,  560-561,  663,  708-710 
chemical  structure,  663/ 

PEG-based  block  copolymers,  414—419 
PCL-PEG  block  copolymers,  418—419 
PEG-PLA  block  copolymer,  416—418 
PEG-PLGA  block  copolymers,  415—416 
polyethylene  glycol)-block-poly(sebacic 
anhydride)  copolymers,  414—415 
polymer,  663—664 

protection  of  proteins  and  peptides  by,  664/ 
ring-opening  polymerization,  417/ 

Polyethylene  glycol-functionalized  gold  NPs 
(PEGylated  AuNPs),  698-699 
Polyethylene  glycol-hexanethiol  (PEG-C6),  249 
Polyethylene  oxide  (PEO),  235 
Polyethylene  oxide-propylene  oxide  (PEO-PPO),  692 
Polyethylene  terephthalate  (PET),  214,  414 
Polyethylene-co-vinyl  acetate  (PEVA),  238—239 
Polyethyleneglycol,  375 

Polyethyleneglycol-polyethyleneimine  (PEG  /  PEI), 
99-100 

Polyglutamic  acid  (PGA),  137—138,  178,  218,  231—233 
Polyglycolic  acid  (PGA),  206-207,  232-233,  236-237, 
247,  403,  416£,  562-565 
chemical  structure,  415/ 

Polyglycolide.  See  Polyglycolic  acid  (PGA) 

Polygonum  aviculare  L.  extract,  618 
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Polyhedral  oligomeric  silsesquioxane  (POSS),  252—253 
Polyhydroxyalkanoates  (PHAs),  252,  403,  631 
Polyhydroxybutyrate,  135—137,  218 
Polylactic  acid  (PLA),  135—137,  136/,  175— 176,  187, 
206-207,  218,  232-233,  237,  252 
advantages  and  disadvantages,  135 
applications,  135 

Polylactide.  See  Polylactic  acid  (PLA) 

Polymer  nanocomposites  (PNCs),  239—240 
Polymerase  chain  reaction  (PCR),  357,  454 
Polymeric  micellar  paclitaxel  (PM  paclitaxel),  699 
Polymeric  nanoparticles  (PNPs),  232—234,  233 /,  492, 
562-565,  633-635,  704-705,  735 
polymeric  nanomaterials,  234£ 

Polymeric  unit,  179 

Polymeric /polymers,  70,  86—89,  92—94,  92/,  174,  174/, 
1761,  191-192,  204-207,  402-403,  405,  406/,  412-413, 
436 

for  21st  century 

blends  of  hydrocolloids  and  carbohydrate-based 
polymers,  162 

complexation  networks  responding  via  hydrogen 
or  ionic  bonding,  161 
copolymers  with  desirable  hydrophilic/ 
hydrophobic  interactions,  161 
dendrimers  or  star  polymers  as  nanoparticles, 
161-162 

endosomolytic  polymers,  160—161 
molecular ly  imprinted  polymers,  160 
advantages,  207-208 

analytical  techniques  for  characterization,  95—97 
applications,  208/ 

in  medicine,  97—101,  98 / 
in  pharmaceutical  systems,  225-253 
in  therapy,  98f 
architects,  178 

based  on  line  structure,  93—94 

based  on  mode  of  formation,  93 

based  on  origin,  92—93 

based  on  properties  and  application,  94 

based  on  solid  state,  94 

based  on  tacticity,  94 

based  on  thermal  response,  93 

biodegradation,  149-153,  413/ 

bonds,  87 

chains,  405 

characterization,  223—225 
light  scattering  method,  223—224 
osmometry,  224 
SEC,  224-225 
viscosity  method,  223 
chemistry  and  synthesis  protocols,  89—91 
classification  and  characteristics,  209—219 


crystallinity-based  classification,  213—215 
molecular  force— based  classification,  215—216 
novel  classes  of  polymers,  216—219 
source-based  classification,  210—211 
structure-based  classification,  211—213 
coatings,  237 
conformation,  96—97 

conjugate  systems  for  controlled  release  of  bioactive, 
156-160 
DNA,  159-160 

drug— polymer  conjugates,  157 
herbal  extracts,  157 
oligonucleotides,  159 
polymer  siRNA  conjugate,  158-159 
polymers  to  regulate  miRNA,  159 
protein  and  peptides,  157-158 
shRNA,  159 

in  controlled  release  system,  123—149 
classification,  124/ 
natural  polymers,  123—134 
others  and  branded  polymers,  145—149 
synthetic  polymers,  135—145 
for  CRDDS,  9-15 
delivery  system,  99 
design  consideration,  17,  18/ 
in  drug  delivery,  174— 177 
drug  delivery,  241—244 

products  with  hydrogel  based  delivery  systems, 
243£ 

drug  release  mechanisms  from,  220—223 
excipients,  218 

factors  influencing  polymer  degradation,  225 
gold  nanoparticles,  388 
historical  aspect,  86—87 
ideal  polymer  characteristics  for  biomedical 
applications,  208-209 
L/D  ratios,  89 
layer,  692 

long  chain  structure  and  macromolecules,  88—89 

matrix,  187-188 

micelles,  562,  735 

microstructures  of,  151 

molecules,  88 

nanogels,  570 

nanomedicines,  704 

nanoparticles,  391 

ocuserts,  228—229 

polymer -drug  conjugates,  192-193,  231-232, 
431-432,  704 

hydrophilic  linear  polymer-drug  conjugate,  231/ 
prodrug,  426—427 
for  response-based  release,  154-156 
science,  86—89,  116—123 
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biodegradable  system,  122-123 
control  release  system,  116—117 
diffusion-controlled  systems,  120—121 
drug  release  mechanisms  for  controlled  drug 
delivery,  118—120 
Nobel  prizes  relating  to,  87f 
solvent-activated  systems,  121-122 
siRNA  conjugate,  158—159 

states  of  matter  and  bonding  in  polymer  materials, 
87 

synthesis,  219—220 

addition  polymerization,  219 
condensation  polymerization,  219 
ring-opening  polymerization,  220 
tailored  polymer  development  for  drug  delivery  and 
therapy,  102-106 
therapeutics,  178 

in  targeted  drug  delivery,  192—193 
Polymerization,  74,  86,  89,  188,  219 
Polymerization  encouraged  self-assembly  (PISA), 
182-183 

Polymethacrylates,  207 
Polymethacrylic  acid  (PE  A  A),  11, 142—143 
Polymorphism,  572 
analysis,  455— 456 
Poly  orthoesters  (POE),  232-233 
POLYOX  water-soluble  resins,  148 
Polypropylacrylic  acid  (PPAA),  11 
Polypropylene  (PP),  57,  94,  214 
Polypropylene  oxide  (PPO),  235 
block,  282 

Polypyrrole  (PPy),  239,  246-247 
Polysaccharides,  92—93,  210,  218,  235 
chitosan,  676 
Polysiloxanes,  211 
Poly  specific  OCT,  514 
Polystyrene  (PS),  94,  181,  208—209 
endpoints,  181 

Polystyrene-b-poly(methyl  methacrylate)  (PS-b- 
PMMA),  179,  183 

Polystyrene-maleic  anhydride-neocarzinostatin 
conjugate,  231-232 
Polysulfone,  251 
capillary  fiber,  206—207 
Polyterthiophene,  239 

Polytetrafluoroethylene  (PTFE),  208—209,  215,  237,  465 
Polythiophene  (PT),  239-240,  246-247 
Polyurethane,  90 

Polyvinyl  chloride  (PVC),  205,  211,  215 
Polyvinylpyrrolidone  (PVP),  35,  139,  140/,  178,  192, 
232-233,  421 

Polyzene-F  (PzF),  238-239 
Porosity  analysis,  391  —392 


Positive  temperature-sensitive  polymers,  217 
Positively  charged  dextran-coated  SPION,  702 
Positron  annihilation  lifetime  spectroscopy  (PALS),  391 
Positron  emission  tomography  (PET),  206—207,  426 
POSS.  See  Polyhedral  oligomeric  silsesquioxane  (POSS) 
Posterior  ocular  delivery,  478— 479 
Postpolymerization  method,  207—208 
Potassium  naphthalene  (K-Naph), 

418 

Powdered  cellulose  (PC),  132-133 
Powerhouse  of  cell.  See  Mitochondria 
PP.  See  Polypropylene  (PP) 

PPA.  See  Poly(phosphoramidites)  (PPA) 

PPAA.  See  Polypropylacrylic  acid  (PPAA) 

PPDO.  See  Poly-p-dioxanone  (PPDO) 

PPDX.  See  Poly(p-dioxanone)  (PPDX) 

PPE.  See  Poly(phosphoesters)  (PPE) 

PPG.  See  Poly  (propylene  glycol)  (PPG) 

PPL  See  Poly(propyleneimine)  (PPI) 

PPO.  See  Polypropylene  oxide  (PPO) 

PPS.  See  Poly(propylene  sulfide)  (PPS) 

PPy.  See  Polypyrrole  (PPy) 

PPZ.  See  Poly(phosphazenes)  (PPZ) 

Preclinical  evaluation  of  nanomedicines,  743—  745 
Prepolymerization  method,  207—208 
Preservatives,  58,  66 
Presoaked  contact  lenses,  498 

Pressure-processable  biodegradable  block  copolymers, 
408 

Primary  bonds,  87 

PRIMOS.  See  Phase  shift  rapid  in  vivo  measurement  of 
skin  (PRIMOS) 

PRO-040201,  703 

Process  analytical  technologies  (PAT),  736— 737 
Prodrugs,  500— 501,  560 
approach,  608 
Product 

development,  44—72 
effect  on  product  quality,  73 
Progestasert  system,  230,  230 / 

Progressive  multifocal  leukoencephalopathy  (PML), 
543 

Proliferative  vitreo  retinopathy  (PVR),  483 
Proline,  653,  654/ 

Propagation  step,  90 
Propellants,  54£,  63 
Propylene  glycol  (PG),  72 

Prostate  particular  membrane  antigen  (PSMA),  320 
Protease(s),  665—666,  66 7t 
inhibitors,  667 

Protein/ peptide  drug  delivery  systems 
approaches,  677-678 
CPPs,  678 
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Protein/ peptide  drug  delivery  systems  ( Continued ) 
for  enhancing  delivery  of  proteins  and  peptides, 
662-677 
hydrogels,  677 

injectable  nanocomposite  cryogels,  677— 67 8 
protein  crystallization,  678 
formulation  stability  of  therapeutic  proteins  and 
peptides  products,  657—658 
pharmacokinetics  of  therapeutic  proteins  and 
peptides,  654-657 
routes  of  administration,  658—662 

buccal  route  of  administration,  661—662 
nasal  route  of  administration,  661 
oral  route  of  administration,  659 
parenteral  route  of  administration,  659—660 
pulmonary  route  of  administration,  660 
transdermal  route  of  administration,  660—661 
structural  characteristics  and  properties,  653 
Protein(s),  21,  92-93,  157-158,  275,  329,  461,  652, 
663-664,  673-674 
binding,  516—517 

biodegradable  block  copolymers  for  proteins 
delivery,  431 
composites,  17 
coupling,  639 
crystallization,  678 
delivery  systems,  673 

implementing  beneficial  aspects  of  protein-binding, 
353 

nanomaterials  interaction  with  protein  corona,  356 
nanoparticles,  706— 707 
protein-based  NPs,  712 
protein-based  polymers,  123—127,  218 
albumin,  126 
collagen,  125—126 
gelatin,  126-127 
Proteoglycans,  547 
Proton  sponge  process,  569—570 
Protonation  behavior,  386—388 
Protons,  382 

PS.  See  Polystyrene  (PS) 

PS-b-PMMA.  See  Polystyrene-b-poly(methyl 
methacrylate)  (PS-b-PMMA) 

PSA.  See  Poly(sebacic  anhydride)  (PSA) 
Pseudosynthetic  polymers,  178 
PSMA.  See  Prostate  particular  membrane  antigen 
(PSMA) 

PT.  See  Polythiophene  (PT) 

PTBVE.  See  Poly  (f  erf-butyl  vinyl  ether)  (PTBVE) 
PTBVE-fr-PCL.  See  Poly(tert-butyl  vinyl  ether)-fr-poly 
(e-caprolactone)  (PTBVE-fr-PCL) 

PTCL.  See  Peripheral  T-cell  lymphomas  (PTCL) 

PTFE.  See  Polytetrafluoroethylene  (PTFE) 


PTFEP.  See  Poly[bis(trifluoroethoxy)phosphaszene] 
(PTFEP) 

PTMG.  See  Poly(tetramethylene  glycol)  (PTMG) 

PTT.  See  Photothermal  therapy  (PTT) 

PTX.  See  Paclitaxel  (PTX) 

Public  groups,  734 

Pulmonary  route  of  administration,  660 
Pulsed  HIFU  therapy,  314 
Pupil,  477 

PVA.  See  Poly(vinyl  alcohol)  (PVA) 

PVC.  See  Polyvinyl  chloride  (PVC) 

PVDF-HFP.  See  Poly(vinylidene  fluoride-co- 

hexafluoropropylene)  (PVDF-HFP) 

PVP.  See  Polyvinylpyrrolidone  (PVP) 

PVR.  See  Proliferative  vitreo  retinopathy  (PVR) 
2-Pyrrolidone  (2P),  72 
PzF.  See  Polyzene-F  (PzF) 

Q 

QbD.  See  Quality  by  design  (QbD) 

QDs.  See  Quantum  dots  (QDs) 

QSAR.  See  Quantitative  structure-activity  relationship 
(QSAR) 

QTPP.  See  Quality  target  product  profile  (QTPP) 
Quality  by  design  (QbD),  75 

approach  in  excipient  selection,  75 
Quality  target  product  profile  (QTPP),  75 
Quantitative  structure-activity  relationship  (QSAR),  559 
Quantum  dots  (QDs),  344,  458,  735 
Quasi-elastic  light  scattering  (QELS).  See  Dynamic  light 
scattering  (DLS) 

R 

Racemization,  658 

Radical  ring-opening  polymerization,  90—91 
Radius  of  gyration,  96 
Radix  salvia  miltiorrhiza  nanocapsule,  157 
RAFT.  See  Reversible  addition-fragmentation  chain 
transfer  (RAFT) 

Random  copolymer,  179 
Random  polymers,  178— 179 
Rasagiline,  574 

RBCs.  See  Red  blood  cells  (RBCs) 

Reactive  oxygen  species  (ROS),  348,  715— 716 
Receptor 

binding  affinity,  385—386 
folate,  283-284 

receptor-involved  changing  of  TJ,  553 
receptor-mediated  endocytosis,  345,  670— 671 
receptor-mediated  transcytosis,  549— 551 
recycling /internalization,  310 
sink,  275 
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Receptor  for  hyaluronate-mediated  motility 
(RHAMM),  132 

Receptor-mediated  transport  (RMT),  541— 542 
Red  blood  cells  (RBCs),  350,  380-381 
Red  seaweed,  106 

Redox  potential,  polymers  based  on,  155 
Redox-sensitive  system,  290—292,  291/ 

Reduction  in  dosing  frequency,  19 
ReGel,  241-242 

Regulatory  agencies,  720,  734,  737 
in  regulation  of  nanomedicines,  739—  743 
EMA,  742-743 

polymeric,  nanocrystals,  and  enzymes  conjugate 
based  nanomedicines,  7411 
TGA,  740-741 

United  States  Food  and  Drug  Administration, 
739-740 

Regulatory  approval,  736 

Regulatory-related  hurdles,  720 

"Remote  loading",  714 

Repeat  unit  distribution  in  multimers,  150 

Repeated  branching  units,  695 

RES.  See  Reticuloendothelial  system  (RES) 

Reservoir 

diffusion  system,  220,  221/ 
reservoir-like  system,  120—121,  121/ 

Residual  stresses,  151 
Respiratory  system,  297-298 
cancer  therapeutics,  298 
targets  of  tuberculosis,  297-298 
Respiratory  tract,  332—333 
Respirocytes,  747-  748 
Response-based  release 
chemical  species,  155-156 
enzyme-substrate,  156 
glucose-responsive  polymers,  155 
ionic  strength,  155 

magnetic  field  responsive  polymers,  156 
polymers,  154—156 
based  on  pH,  154-155 
based  on  redox  potential,  155 
based  on  temperature,  154 
ultrasound  irradiation,  156 
Reticuloendothelial  system  (RES),  193,  270— 271,  350, 
404,  459 
Retina,  513 

barriers  to  transscleral  drug  delivery  to,  510— 514 
Retinal  pigment  epithelium  (RPE),  475,  519—520 
Retinal  vein  occlusion  (RVO),  481 
Retinitis  Pigmentosa  (RP),  484 
Retinoblastoma,  482 

Reverse  transcriptase-polymerase  chain  reaction  (RT- 
PCR),  333 


Reversible  addition-fragmentation  chain  transfer 
(RAFT),  91,  182 
Rexin-G,  707 

RGD.  See  Cyclic  arginine-glycine-aspartic  acid  (RGD) 
RHAMM.  See  Receptor  for  hyaluronate-mediated 
motility  (RHAMM) 

Rheological  analysis,  388-390 
Rheology,  388 
Rhodamine,  485—486 

rhTNF  (human  tumor  necrosis  factor),  708 
Riboflavin,  523 
Ribonucleic  acid  (RNA) 
aptamer,  321 
polymerase,  357 
synthesis,  714 
Rifampin  (RIF),  285 

Ring-opening  polymerization,  90—91,  219—220 
RISC.  See  RNA-induced  silencing  complex  (RISC) 
Risk 

communication,  747 
management,  747 
minimization,  746 
Rituxan,  298 
Rituximab.  See  Rituxan 

RMT.  See  Receptor-mediated  transport  (RMT) 

RNA.  See  Ribonucleic  acid  (RNA) 

RNA  interference  (RNAi),  159,  461 
nanoparticles,  735 

RNA-induced  silencing  complex  (RISC),  100 
RNAi.  See  RNA  interference  (RNAi) 

Rod— cone  dystrophy,  484 

ROS.  See  Reactive  oxygen  species  (ROS) 

Rosin,  227 

RP.  See  Retinitis  Pigmentosa  (RP) 

RPE.  See  Retinal  pigment  epithelium  (RPE) 

RT-PCR.  See  Reverse  transcriptase-polymerase  chain 
reaction  (RT-PCR) 

Rubber,  205 
isoprene,  205 
Ruplizumab,  31 8t 

RVO.  See  Retinal  vein  occlusion  (RVO) 

s 

Saccharide.  See  Carbohydrate 

Saccharin,  56 

Safety 

assessment  of  excipients,  75—76 
margin,  23 
Saliva,  15,  16/ 

SAs.  See  Sialic  acids  (SAs) 

Saturation  solubility,  708 

SBS.  See  Styrene-butadiene-styrene  (SBS) 
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SC.  See  Stratum  corneum  (SC) 

SC  injection.  See  Subcutaneous  injection  (SC  injection) 
Scaffold(s),  244 
system,  434 

for  tissue  engineering,  244—245 
Scanning  electron  microscope  (SEM),  223,  375— 376 
SCD.  See  Sickle  cell  disease  (SCD) 

SCID.  See  Severe  combined  immunodeficiency  disease 
(SCID) 

Sclera,  475  -476,  513 

drug  penetration  through  sclera  and  conjunctiva,  516 
SEC.  See  Size  exclusion  chromatography  (SEC) 

Second  order  targeting,  285 
Secondary  bonds,  87 

Secreted  protein  acidic  and  rich  in  cysteine  (SPARC), 
353,  713 

Sedation/ unconsciousness,  33 
Selenium-containing  polymers  (phenylselenide-1- 
undecyl  triethylammonium  bromide)  (SeQTA), 
155-156 

SELEX.  See  Systemic  evolution  of  ligand  by 
exponential  enrichment  (SELEX) 

Self-emulsifying  drug  delivery  systems  (SMEDDS), 
489-490 

SEM.  See  Scanning  electron  microscope  (SEM) 
Semicrystalline  polymers,  214 
Semipermeable  membrane,  578— 579 
Semisolid  dosage  form 
excipients  in,  64—69,  65/ 
antioxidants,  66 
bases,  68—69 
emollients,  67—68 
gelling  agents,  66—67 
preservatives,  66 
solubilizers,  66 

structure-forming  excipients,  65 
Semisynthetic 
polymers,  227 
superdisintegrants,  50 

SEPM.  See  Poly[styrene-b-(ethylenealt-propylene)-b- 
(methyl  methacrylate)]  (SEPM) 

SeQTA.  See  Selenium-containing  polymers 
(phenylselenide-1  -undecyl  triethylammonium 
bromide)  (SeQTA) 

Sequestering  agents,  60—61 
Serine,  654/ 

Serum  albumin,  278 

Severe  combined  immunodeficiency  disease  (SCID), 

193 

SFRP.  See  Stable  free  radical  polymerization  (SFRP) 
Shape  memory  polymers  (SMPs),  252-253,  252/ 
Sharpening,  603-604 
Shed  corneocytes,  632—633 


Short  half-life,  272 

Short/small  hairpin  RNA  (shRNA),  159 
Sialic  acids  (SAs),  291—292 
mediated  endocytosis,  291—292 
Sickle  cell  disease  (SCD),  296 
Silibinin  (SY),  328 
Silica,  708 
Silicone,  216 
polymers,  211 
rubber,  237 

Silver  nanoparticles  (AgNPs),  239—240,  376 
Simulated  tear  fluid  (STF),  523 
Single  nucleotide  polymorphisms  (SNPs),  455,  483 
Single  photon  emission  computed  tomography 
(SPECT),  206-207 

Single- walled  carbon  nanotubes  (SWCNTs),  91,  348, 
456,  570 

incorporation  in,  91 

siRNA.  See  small  interference  RNA  (siRNA) 
Sirolimus  nanoemulsion,  527—528 
Site  of  action,  602—603 
Site  transformation  technique,  407 
Site-specific  drug  delivery,  270— 271 
Site-targeted  nanoparticles,  458-459 
Size  exclusion  chromatography  (SEC),  224—225 
Skin,  431-433 
anatomy,  598-599 
barrier  function,  597 
condition,  603 
dermal  layers,  599 / 
functions,  600/ 

insertion  examination,  641—642 
metabolism,  603 
as  obstacle,  598-601 

penetration  pathways  and  kinetics  of  skin 
permeation,  600—601 
physiological  functions,  600 
shedding,  603 

SLC.  See  Solute  carrier  (SLC) 

Sleeping  sickness,  543 

SLNs.  See  Solid  lipid  nanoparticles  (SLNs) 

SLS.  See  Sodium  lauryl  sulfate  (SLS) 
small  interference  RNA  (siRNA),  100,  158—159, 
428-429,  461-462,  502 
delivery,  100,  428-429,  461-462 
strategies  using  nanotechnology,  461—462 
Small  particles,  362 
Small  unilamellar  vesicles  (SUVs),  346 
Smart  materials,  421 

Smart  polymers,  10-15,  117,  209,  216-217,  241-242, 
242£ 

ion  exchange  polymers,  13—15 
PH-sensitive  polymers,  10—12 
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temperature  sensitive  polymers,  12—13 
SMEDDS.  See  Self-emulsifying  drug  delivery  systems 
(SMEDDS) 

SMPs.  See  Shape  memory  polymers  (SMPs) 

SNALP.  See  Stable  nucleic  acid-lipid  particle  system 
(SNALP) 

SNPs.  See  Single  nucleotide  polymorphisms  (SNPs) 
SOD.  See  Superoxide  dismutase  (SOD) 

Sodium  alginate,  69,  128,  233,  488-489,  503-504 
Sodium  benzoate,  58 

Sodium  carboxymethylcellulose  (sodium-CMC),  67, 
226 

Sodium  hydroxide  (NaOH),  141 
Sodium  lauryl  sulfate  (SLS),  416,  668 
sodium-CMC.  See  Sodium  carboxymethylcellulose 
(sodium-CMC) 

Soft  corona,  356 

Sol  to  gel  delivery  systems,  488,  488/ 

Solid  dosage  form 

copolymer  applications  in,  188—191 
excipients  in,  44—58 

antiadherent  and  lubricants,  45—46 

binders,  46—47 

coloring  agent,  56—57 

disintegrants,  48—50 

fillers,  50-55 

flavoring  agents,  55 

glidants,  57 

preservatives,  58 

sorbents,  57 

sweeteners,  56 

Solid  lipid  nanoparticles  (SLNs),  320,  375,  495-496, 
565-568,  569/,  635-639,  672-673,  672/ 

Solid-phase  polymerization,  89 
Solubility,  277,  571-572 
Solubilization,  48 
Solubilizers,  66 

Soluble  ocular  drug  insert,  496 
Soluble  ocusert,  228—229 
Solute  carrier  (SLC),  551-552 
Solution  polymerization,  143 
Solvent(s),  59-60 

emulsification  evaporation  method, 

383-384 

solvent-activated  systems,  121—122,  122/ 

Sonolysis  nanosurgery,  458 
Sonopermeabilization,  574 
Sonophoresis,  610,  660-661 
mechanistic  behind,  610—611 
in  TDD,  611-612,  6131 
Sonoporation,  293-294,  574 
Sorbents,  57 
Sorbic  acid,  58 


Source-based  classification  of  polymers,  210—211 
natural  polymers,  210 
synthetic  polymers,  211 
Soybean  lecithin  (SPC),  326 

SPARC.  See  Secreted  protein  acidic  and  rich  in  cysteine 
(SPARC) 

Sparfloxacin,  492 

Spatial  control  of  targeting,  295 

SPC.  See  Soybean  lecithin  (SPC) 

Specificity,  311-312 

SPECT.  See  Single  photon  emission  computed 
tomography  (SPECT) 

SPEEK.  See  Sulfonated  poly(ether  ether  ketone) 
(SPEEK) 

Spherical  photoresponsive  microcapsules,  105 
Spinal  cord /nerve,  434 
SPIONs.  See  Superparamagnetic  iron  oxide 
nanoparticles  (SPIONs) 

SPR  sensor.  See  Surface  plasma  resonance  sensor  (SPR 
sensor) 

Spray  dried  lactose,  50—51 
SR.  See  Sustained  release  (SR) 

SsolOa  proteins,  274,  274/ 

Stable  biodegradable  poly( vinyl  ester)  block 
copolymers,  408—409 

Stable  free  radical  polymerization  (SFRP),  91 
Stable  nucleic  acid-lipid  particle  system  (SNALP),  703 
Stakeholders  for  excipients,  39,  39/ 

Staphylococcus  aureus,  481-482,  504 
Star  polymers  as  nanoparticles,  161—162 
Star-branched  PA  6,  212 
Star-shaped  block  copolymers,  290-291 
Starch(es),  48 

and  derivatives,  54—55,  226 
powder,  47 

States  of  matter  in  polymer  materials,  87 
Static  barriers,  479,  511 
Statistical  copolymers,  88,  178-179 
Statistical  polymers,  178— 179 
"Stealth"  polymers,  709-710 
Stearic  acid  (STR  acid),  383—384,  562— 565 
Step-growth  polymerization,  89—90,  91 1 
Steric  hindrance,  149—150 
Sterilization 

packaging  and,  437—438 
process,  152 

STF.  See  Simulated  tear  fluid  (STF) 

Stimuli-responsive  drug  delivery  systems,  249—250 
Stimuli-responsive  polymers,  209,  249—250 
Stimuli-sensitive  polymers  for  cancer  therapy,  249—250 
Stokes— Einstein  equation,  373 
STR  acid.  See  Stearic  acid  (STR  acid) 

Strain-controlled  rheometer,  388—390 
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Stratum  corneum  (SC),  598,  601-602 
Streptavidin,  454 
Streptobacterium  dextranicum,  130 
Stroma,  476 

Structure-based  classification  of  polymers,  211—213 
biopolymers,  213,  213/ 
branched  polymers,  212 
cross-linked  polymers,  212 
linear  polymers,  211 
Structure-forming  excipients,  65 
Styrene-butadiene-styrene  (SBS),  181 
Subcutaneous  injection  (SC  injection),  656 
Subcutaneous  tissue,  613 
Sucrose,  38,  53 
Sugars,  50 
Sulfate,  235 

Sulfonated  block  copolymers,  421 

Sulfonated  poly(ether  ether  ketone)  (SPEEK),  385 

Superdisintegrants,  49,  49£ 

Superhydrophobic  biomaterials,  208—209 
Superoxide  dismutase  (SOD),  618 
Superparamagnetic  iron  oxide  nanocarrier,  292—293 
Superparamagnetic  iron  oxide  nanoparticles  (SPIONs), 
356,  698,  702 

Superparamagnetic  nanoparticles,  biomedical 
application  of,  691 1 
Supramolecular  delivery  systems,  279 
Surface  charge,  280 

of  nanoparticle,  374— 375 
Surface  electric  charge,  348 
Surface  erosion,  119 
Surface  functionalization,  351—352 
Surface  modification,  411 
strategy,  270 

Surface  modified  polymeric  nanocarriers,  562—565 
Surface  plasma  resonance  sensor  (SPR  sensor),  352 
Surface  tension,  282 
Surface  topography  analysis,  375-379 
AFM,  378-379 
SEM,  375  -376 
TEM,  376-378 

Surface-modified  nanogel  system,  276,  276/ 

Surfactants,  48,  53 1,  63 

Suspending  agents,  61,  97,  123 

Sustained  release  (SR),  132 

SUVs.  See  Small  unilamellar  vesicles  (SUVs) 

SWCNTs.  See  Single- walled  carbon  nanotubes 
(SWCNTs) 

Sweat  conduits,  611 
Sweeteners,  56 

Swelling  controlled  drug  delivery  system,  polymers  in, 
230 

Swelling  polymeric  matrix,  120,  120/ 


Swimming  behavior  of  mice  in  water  maze  test, 
565-568,  568/ 

Swiss  albino  mice  3T3  fibroblast,  transcellular 
transport  of  ethosomes  in,  625 
SY.  See  Silibinin  (SY) 

Synthetic  biodegradable  polymers,  237—238 
Synthetic  macromolecules,  89 
Synthetic  methods  of  block  copolymer,  407 
Synthetic  mucoadhesive  polymers,  218 
Synthetic  polyamide,  137 
Synthetic  polymeric  membranes,  251 
Synthetic  polymers,  9,  9 1,  93,  135—145,  178,  192,  205, 
209,  211,  228-229,  232-233,  633 
diblock  copolymer,  144 
PEG,  142 

PHEMA,  138-139 
PMAA,  139-140 
poly  (acrylic  acid),  142 
poly(e-caprolactone),  137 
poly (N- vinyl  pyrrolidone),  139 
poly  (orthoesters),  143—144 
polyamide,  137 
poly  anhydrides,  143 
poly  glutamic  acid,  137-138 
polyhydroxybutyrate,  135—137 
poly  lactic  acid,  135 
polymethacrylic  acid,  142—143 
PVA,  141 

triblock  copolymer,  144—145 
Synthetic  superdisintegrants,  50 
Systemic  (parenteral)  administration  of  drug,  480—481 
Systemic  circulation,  669 
Systemic  evolution  of  ligand  by  exponential 
enrichment  (SELEX),  321,  550 
Systemic  route,  479 

Systemically  administered  drug  effects,  518 

T 

Tablet(s),  2,  114 
dosage  forms,  45,  45/ 
polymers  in,  226—227 
Tacticity,  94 

Tailored  polymer  development  for  drug  delivery  and 
therapy,  102-106 
antibacterial  polymers,  106 
anticancer  polymers,  105—106 
antiviral  polymer,  106 
mucoadhesive  polymers,  104 
pH-sensitive  polymers,  102 
photoresponsive  polymers,  104—105 
polymers  for  cytosolic  delivery,  102—103 
thermoresponsive  polymers,  102 
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Tamoxifen,  569—570 
Tanespimycins  (17  A  AG),  290 
Tape  stripping,  607 
Target-dependent  clearance,  275 
Targeted  delivery,  270 
Targeted  drug  delivery,  126—127,  309,  686 
polymer  therapeutics  in,  192-193 
systems,  270— 272,  296—297 
Targeted  medical  products,  298-299 
Targeting  approaches,  309,  310/ 
active  targeting,  309 
passive  targeting,  309 
Targeting  ligands,  308,  312—336 
antibody  derivatives,  318-320 
aptamers,  321  -324 
classification,  313/ 
folates,  324—326 
lectins,  326—328 
LF,  332-333 

mannose  derivatives,  333—336 
monoclonal  antibodies,  313—318 
peptides,  320 
selection 

chemistries  of  conjugation  site  of  ligands,  312 
ligand  size,  311 
ligand  stability,  312 

ligand-binding  affinity  and  specificity,  311—312 
transferrin,  328—332 

Targeting  moieties,  carriers  with,  278— 279 
Tartaric  acid,  30,  48 

TAT.  See  Transactivating  transcriptional  activator 
(TAT) 

Taxol,  712 

Taxus  brevifolia,  713 

TB.  See  Tuberculosis  (TB) 

TDD.  See  Transdermal  drug  delivery  (TDD) 

TDDS.  See  Transdermal  drug  delivery  system  (TDDS) 
Tear  dilution,  513 

Tear  film  for  ocular  drug  delivery  system  design, 
479-481 
Teflon,  215 

TEM.  See  Transmission  electron  microscopy  (TEM) 
Temperature 

dependent  systems,  488-489 
polymers  based  on,  154 
sensitive  polymers,  12—13,  14f,  217 
temperature-sensitive  liposomes,  290 
temperature-sensitive  systems,  288-290 
Temporal  control  system,  118 
Tensile  strength  determination,  392 
TEPA-PCL.  See  Diacetyl  phosphate- 

tetraethylenepentamine— based  polycation  liposomes 
(TEPA-PCL) 


Terthiophene  polymers,  239—240 

2,2 ':5 ',5  "-Terthiophene-3 -benzoic  acid  (TTBA),  239—240 

Tetanus  toxoid,  628-630 

Tetrahydrofuran  (THF),  418 

Tetronics,  235 

TF.  See  Transferrin  (TF) 

TGA.  See  Therapeutic  Goods  Administration  (TGA); 

Thermogravimetric  analysis  (TGA) 

Theragnostic  nanoparticles,  737— 739 
Therapeutic 
agents,  674 
antibodies,  318 
biomolecules,  673— 674 
molecules,  232,  672 
polynucleotides,  430 
proteins  and  peptides 

formulation  stability,  657—658 
pharmacokinetics,  654— 657 
Therapeutic  Goods  Administration  (TGA),  740— 741 
Therapeutic  index  (TI),  23 
Thermal  ablation,  607 
Thermal  effects,  610—611 
Thermal  energy,  144 
Thermal  gravimetric  analysis,  223 
Thermal  mechanical  analyzer  (TMA),  223 
Thermal  power,  607 
Thermodox,  706,  711 
Thermogelling 
polymers,  409 
systems,  235 

Thermogravimetric  analysis  (TGA),  74,  374 
Thermoplastic  cellulose  ether,  146 
Thermoplastic  elastomers  (TPEs),  216 
Thermoplastic  polyurethane  (TPU),  101,  149 
Thermoplastics  polymers,  93,  215 
Thermoresponsive 

polymers,  102,  217,  241—242 
systems,  249,  250f 

Thermosensitive  biodegradable  block  copolymer,  411 
Thermoset(ting)  polymers,  93,  215—216 
THF.  See  Tetrahydrofuran  (THF) 

Thioether-based  oxidation-sensitive  materials,  155—156 

Third  order  targeting,  285 

THP.  See  Trihexyphenidyl  hydrochloride  (THP) 

3D  polymeric  scaffolds,  245 
Threonine,  654/ 

TI.  See  Therapeutic  index  (TI) 

Tight  junctions  (TJ),  546,  548 
receptor-involved  changing,  553 
Time  pharmacy,  30 
Timolol,  515,  527-528,  615 
Tissue  engineering,  457 
applications,  404,  432—434 
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Tissue  engineering  ( Continued ) 
bone,  433—434 
cartilage,  434 
skin,  432—433 
spinal  cord /nerve,  434 

polymers  in  tissue  engineering  products,  244—245 
process,  404 

TJ.  See  Tight  junctions  (TJ) 

TM-CHL.  See  Chitosan  bearing  timolol  maleate  (TM- 
CHL) 

TMA.  See  Thermal  mechanical  analyzer  (TMA) 
TMAEMC.  See  N-Trimethyl  aminoethyl  methacrylate 
chloride  (TMAEMC) 

TMC.  See  N-Trimethyl  chitosan  (TMC) 

TNF.  See  Tumor  necrosis  factor  (TNF) 

TobraDex  ST,  486 

Tocopherol  polyethylene  glycol  1000  succinate  (TPGS), 
101 

TOCSY.  See  Total  correlation  spectroscopy  (TOCSY) 

Tonicity  modifiers,  63—64 

Top-down  method,  708— 709 

Topical  administration  of  drug,  480 

Topical  drug  distribution,  599 

Topical  route,  479 

Topographical  map,  378— 379 

Topotecan,  555 

Total  correlation  spectroscopy  (TOCSY),  382 
Toxicity 

consideration,  464—466 
of  nanomaterials,  748 
Toxins,  463 

TPEs.  See  Thermoplastic  elastomers  (TPEs) 

TPGS.  See  Tocopherol  polyethylene  glycol  1000 
succinate  (TPGS) 

TPU.  See  Thermoplastic  polyurethane  (TPU) 

Trachoma,  482 

Traditional  approaches  for  transdermal  drug  delivery, 
608 

Traditional  nylon,  212 

Transactivating  transcriptional  activator  (TAT),  103,  552 
Transactivating-transduction.  See  Transactivating 
transcriptional  activator  (TAT) 

Transcellular 
delivery,  625 
transport,  549 
Transcytosis,  670-671 
Transdermal 

delivery  system,  72 
drug  bioavailability,  603 
flux,  601 

patches,  191-192 

route  of  administration,  660—661 

transport  of  DNA,  625 


Transdermal  drug  delivery  (TDD),  596—598 
advanced  techniques  for,  608—642 
electroporation,  612-616 
ethosomes,  621—623 
iontophoresis,  608—610 
mechanism  of  action,  623—642 
nanocarrier  systems,  616—620 
passage  across  skin,  611 
sonophoresis,  610 
benefits,  596—597 
factors  affecting  design,  601—605 

dosage  form  and  drug-related  factors,  604—605 
physiological  factors,  601—604 
ideal  drug  candidates  for,  597—598 
limitations,  597 
skin  as  obstacle,  598-601 
strategies  for,  605—608,  606 f 
topical  vs.,  599 

traditional  approaches  for,  608 
Transdermal  drug  delivery  system  (TDDS),  631 
copolymer  applications  in,  191—192 
polymers  in,  228 
Transepidermal  pathway,  600 
Transfenac,  627 
Transferosomal  gel,  627 
Transferrin  (TF),  328—332,  706 
mediated  RMT,  550 
receptor,  294-295 
Transfersomes,  626—630,  626 f 

in  delivery  of  small  molecules,  627—628 
in  transdermal  delivery  of  proteins  and  peptides, 
628-630 
Transform,  149 
Transition 

metal— catalyzed  ATRP,  91 
phase,  13,  14/ 

Transmembrane  proteins,  547— 548 
Transmission  electron  microscopy  (TEM),  223,  373, 
376-378,  384 

Transnasal  iontophoresis,  574— 578 
Transparency,  67 
Transporter,  275 
Trastuzumab,  313,  31  St 
Triamcinolone  acetonide  (TRMA),  617 
Triblock  copolymers,  88,  144—145,  235—236 
Trifunctional  monomeric  units,  94 
Trihexyphenidyl  hydrochloride  (THP),  625 
N-Trimethyl  aminoethyl  methacrylate  chloride 
(TMAEMC),  180 

N-Trimethyl  chitosan  (TMC),  673 
TRMA.  See  Triamcinolone  acetonide  (TRMA) 
Trypanosoma  bruceigambiense,  543 
Trypsin,  667 
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Tryptophan,  654/ 

TTBA.  See  2,2 ':5 ',5  "-Terthiophene-3 -benzoic  acid 
(TTBA) 

Tuberculosis  (TB),  297 
targets,  297—298 
Tumor 

cells,  671-672 
metastasis,  699 
suppressor  gene,  329-330 
vasculature,  552 

Tumor  necrosis  factor  (TNF),  320 
Tween-80,  486 
Tyloxapol,  527— 528 

Type-I  transmembrane  glycoproteins,  333—334 
Tyrosine,  654/ 

u 

U87MG  glioblastoma  cells,  562-565,  565/ 

Ubbelohde  U-tube  viscometer,  223 
UCN.  See  Urocortin  (UCN) 

UCST.  See  Upper  critical  solution  temperature  (UCST) 
UEA  I.  See  Ulexeuropeus  agglutinin  I  (UEA  I) 
UHMWPE.  See  Ultra-high  molecular  weight 
polyethylene  (UHMWPE) 

Ulcerative  colitis,  281 
Ulexeuropeus  agglutinin  I  (UEA  I),  554 
Ultra-high  molecular  weight  polyethylene  (UHMWPE), 
94,  208-209 

Ultradeformable  liposomes,  621 
Ultrasound 
delivery,  293 
irradiation,  156 

ultrasound-mediated  drug  delivery,  574,  575t 
ultrasound-mediated  microbubble  destruction  with 
liposomal  doxorubicin,  293—294 
ultrasound-responsive  systems,  249-250 
ultrasound-sensitive  systems,  293—294 
wave,  553— 554 
Ultraviolet  (UV) 
radiation,  412—413 
radiation  group,  620 
UV-spectrophotometer,  522 
UVA  rays,  637 
Un-ionized  form,  277 
Unexpected  units,  150-151 
Universal  design  criteria,  704 
Unsaturated  polyanhydrides,  143 
Upper  critical  solution  temperature  (UCST),  102,  154, 
241-242 

Urocortin  (UCN),  562-565 


loaded  NPs,  562-565 

US  Food  and  Drug  Administration  (US-FDA),  10—11, 
416-417,  462,  720,  737,  739-  740 
approved  Abraxane,  713 

FDA-approved  inorganic  crystalline  NPs,  708— 709 
FDA-approved  NPs,  707 
perspective,  75-76 

US  Pharmacopoeia-National  Formulary  (USPNF),  37 
US-FDA.  See  US  Food  and  Drug  Administration  (US- 
FDA) 

USPNF.  See  US  Pharmacopoeia-National  Formulary 
(USPNF) 

Uveal  melanoma,  482 

v 

Vaccines,  673— 674 
Valine,  653,  654/ 

Vancomycin,  489 

Vapor  pressure  osmometry,  95—96,  224 
Vascular  barriers,  rupture  of,  293—294 
Vascular  endothelial  growth  factor  (VEGF),  293,  697 
Vascular  endothelium  cadherin  (VE-cadherin),  548 
Vd.  See  Volume  of  distribution  (Vd) 

VE-cadherin.  See  Vascular  endothelium  cadherin  (VE- 
cadherin) 

Vectors,  631 
Vedolizumab,  318 1 

VEGF.  See  Vascular  endothelial  growth  factor  (VEGF) 
Velcro  effect,  459-460 
Venofer,  707 

Very  low-density  lipoprotein  (VLDL),  278 
Vesicular  systems,  279,  346 
Viscosity,  572 
method,  223 

of  ophthalmic  formulation,  522 
Vision,  475 
Visudyne,  706 
Visulex,  502 
Vitamin  B9.  See  Folates 

VLDL.  See  Very  low-density  lipoprotein  (VLDL) 
Voclosporin,  491 

Volume  of  distribution  (Vd),  22,  272 
Von  Willebrand  factor  (vWF),  351,  707 
Vroman  theory,  356 

w 

w/ o  system.  See  Water  in  oil  system  (w/ o  system) 
Water,  31, 153 

penetration  (swelling)  mechanism  of  release, 
222-223 
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phase,  8 

water-removable  bases,  69 
water-soluble 
bases,  69 

drug  molecule,  120 
ingredients,  48 

Water  in  oil  system  (w/o  system),  486,  562 

Western  blot,  318 

Wet  granulation  process,  37—38 

Wetting  agents,  62 

Wheat  germ  agglutinin  (WGA),  554 

Wound  healing  process,  483 

Woven  PGA,  247 

Wiistite  (FeO),  698 
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X-ray  diffraction  (XRD),  223,  374,  376 
for  structural  analysis,  381-382 
Xanthan  gum,  38,  119—120 
XNA  aptamer,  321 
Xylitol,  56 

z 

Zebrafish  model,  525 
Zeta  potential,  374 
Zidovudine,  625 
Ziegler— Natta  catalysis,  94 
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